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 Abstract 
Combinatorial Real-Time High Throughput Analyses of Cell Behavior Upon Exposure to 
Analytes 
By Reem Eldawud 
 
The majority of current techniques to assess the toxicity of analytes (i.e., nanomaterials, 
drugs and toxins) in vitro rely on the application of affinity or catalytic recognition elements (i.e., 
biosensors), their activity, sensitivity and selectivity, as well as the processing power of micro- and 
opto-detection devices. For instance, water-soluble tetrazolium (WST-1) assay is among the most 
common techniques used to measure the viability of cells following exposure. Specifically, in this 
assay a catalytic biosensor (tetrazolium salt) is reduced by cellular NAD(P)H-dependent 
oxidoreductase or mitochondrial dehydrogenases resulting in colorimetric changes quantified 
using a UV-Vis spectrophotometer (detection element). Similarly, imaging of cellular components 
mainly relies on the application of affinity biosensors that bind to selected cellular organelles or 
proteins and subsequently emit a fluorescent signal upon detection using fluorescence microscopy.  
Although, the majority of these assays and techniques have high sensitivity, stability and 
reliability, inaccurate measurements and false positives may occur especially when detecting the 
toxicity of nanoparticles, such as carbon nanotubes (CNTs). In principle, the high surface area of 
CNTs as well as the presence of metal impurities and functional groups on their external surfaces 
decrease the availability and the activity of biosensors, as well as interfere with the detection ability 
of micro-and optical processors. Therefore, there is a critical need for sensitive bio-sensing tools 
to provide comprehensive measurements of the cellular behavior post exposure to analytes (e.g., 
nanomaterials, drugs and toxins) without relying on the applications of biosensors. 
  
  In this work a combinatorial approach had been employed to evaluate the cellular behavior 
and fate in real-time using an Electric Cell Impedance Sensing (ECIS). In principle, the ECIS 
system relies on the natural sensitivity of cells to function as a primary transducer to provide high 
throughput, real-time behavioral measurements upon exposure to different analystes.  
The ECIS system has been previously employed  to quantify changes in cell morphology, 
cell adhesion, cell migration, chemotaxis,  and wound healing capability, in response to different 
drugs, toxins and chemotherapeutic agents or just for standard behavior quantification. Herein, we 
have extended on these studies by employing the ECIS system to evaluate the cellular behavior of 
human lung (immortalized and non small lung cancer) cells upon exposure to different 
concentrations and types of nanoparticles and drugs. The ECIS real-time measurements were 
further complemented and correlated with different cellular and microscopical assays (Western 
blots, flow cytometry, optical and florescence imaging) to derive structure-function relationships 
and thus unravel the cellular mechanisms associated with any cytotoxic or apoptotic events 
induced upon analytes exposure. 
Chapter one presents a systematic study of the cellular behavior of human lung epithelial 
cells upon exposure to single walled carbon nanotubes (SWCNTs) with user-defined physico-
chemical properties. Specifically, SWCNTs implementation in biomedical application has been 
hindered by many uncertainties regarding their toxicity and fate inside biological systems. 
Previous reports have attributed SWCNTs’ toxicity to their length,  surface  chemistry,  aggregation  
or  metal  impurities  to  name  a  few. However, due to the large variety of SWCNTs, the numerous 
modification techniques and current limitations in standardized toxicity assays, there is a 
discrepancy in literature and no mechanistic correlation between the changes in the cellular 
behavior and SWCNTs physico-chemical properties. In this chapter, we provide a comprehensive 
  
analysis of the cellular behavior, interactions and fate upon exposure to different concentrations 
and functionalities of SWCNTs. (Publication: Reem Eldawud, Alixandra Wagner, Chenbo Dong, 
Yon Rojansakul, Cerasela Zoica Dinu, Electronic platform for real-time multi-parametric analysis 
of cellular behavior post-exposure to single-walled carbon nanotubes, Biosensors and 
Bioelectronics, Volume 71, September 2015, Pages 269-277). 
Chapter two provides comprehensive analysis of the potential applicability of 
nanodiamonds (NDs) in the development of the next generation of bionanotechnological products 
to be used for drug and gene delivery, bio-imaging and biosensing. In this chapter, we hypothesized 
that the high NDs biocompatibility is a result of  their reduced ability to induce membrane 
disruption or damage during cellular translocation. Specifically, in this chapter we used multi-scale 
combinatorial approaches to simulate and evaluate NDs interactions with the cellular plasma 
membrane as well as their over-all effects on cell fate. (Publication: Reem Eldawud, Manuela 
Reitzig, Jörg Opitz, Yon Rojansakul, Wenjuan Jiang, Shikha Nangia and Cerasela Zoica Dinu, 
Combinatorial approaches to evaluate nanodiamond uptake and induced cellular fate, 
Nanotechnology, Volume 27, Number 8, January 2016).  
 Chapter three provides a systematic investigation of the potential anti-cancer 
mechanisms associated with cellular exposure to digitoxin at subtherapeutic, therapeutic and toxic 
concentrations. Specifically, Digitoxin belongs to a naturally occurring class of cardiac glycosides 
(CG) known for its anti-cancer effects against non-small lung cancer cells (NSCLC). However, 
concerns associated with its narrow therapeutic index and its concentration-dependent mechanism 
of action are rising. Thus, before digitoxin potential implementation in designing and developing 
safer and more effective CG-based anti-cancer therapies, its pharmacological and safety profiles 
need to be fully elucidated. In this chapter, the ECIS system was employed to provide a systematic 
  
investigation of the potential anti-cancer effects associated with digitoxin exposure on non-small 
lung cancer cells (NSCLC) in a time and dose-dependant manner. (Publication: Reem Eldawud, 
Todd Stueckle, Surya Manivannan, Hossam Elbaz, Michael Chen, Yon Rojanasakul and Cerasela 
Zoica Dinu, Real-time analysis of the effects of toxic, therapeutic and sub-therapeutic 
concentrations of digitoxin on lung cancer cells, Biosensors and Bioelectronics, Volume 59, 
September 2014, Pages 192-199). 
This thesis has two chapter appendices that further investigate the effects of purified multi-
walled carbon nanotubes exposure on human lung epithelial cells using combinatorial methods 
that employ fluorescent activated cells sorting and atomic force microscopy as well as 
conventional toxicity assays. (Chenbo Dong*, Reem Eldawud*, Linda M. Sargent, Michael L. 
Kashon, David Lowry, Yon Rojanasakul, and Cerasela Zoica Dinu, Towards elucidating the 
effects of purified MWCNTs on human lung epithelial cells, Environmental Science Nano, Volume 
1, Issue 6, August 2014, 595-603)-  and (Chenbo Dong*, Reem Eldawud*, Linda M. Sargent, 
Michael L. Kashon, David Lowry, Yon Rojanasakul, and Cerasela Zoica Dinu, Carbon Nanotube 
Uptake Changes the Biomechanical Properties of Human Lung Epithelial Cells in a Time-
dependent Manner, Journal of Material Chemistry B, Volume 1, Issue 3, April 2015,  3983—
3992). * Equal contribution authors. 
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Chapter 1 
 
Electronic Platform for Real-time Multi-parametric 
Analysis of Cellular Behavior Post Exposure to Single-
Walled Carbon Nanotubes 
 
Abstract 
Single-walled carbon nanotubes (SWCNTs) implementation in a variety of biomedical 
applications from bioimaging, to controlled drug delivery and cellular-directed alignment for 
muscle myofiber fabrication, has raised awareness of their potential toxicity. Nanotubes structural 
aspects which resemble asbestos, as well as their ability to induce cyto and genotoxicity upon 
interaction with biological systems by generating reactive oxygen species or inducing membrane 
damage, just to name a few, have led to focused efforts aimed to assess their risk prior user 
implementation.  In this study, we employed a non-invasive and real-time electrical cell impedance 
sensing (ECIS) platform to monitor cellular behavior of lung epithelial cells upon exposure to a 
library of SWCNTs with user-defined physico-chemical properties. Using the natural sensitivity 
of the cellular biosensors, we assessed SWCNT-induced cellular changes in relation to cell 
attachment, cell-cell interactions and cell viability. Our methods have the potential to lead to the 
development of standardized assays for risk assessment of other nanomaterials as well as risk 
assessment differentiation based on the nanomaterials surface chemistry, purity and agglomeration 
rate.   
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Introduction 
Nanomaterials implementation in a variety of fields from microelectronics [1], to photo-
optics [2], aerospace [3], energy [4], sensors [5], bioimaging [6], and drug delivery [7] has raised 
awareness of their occupational safety and health-posed issues [8, 9]. Current available techniques 
to assess in vitro toxicity of nanomaterials such as silica [10], silver nanoparticles [11], carbon- 
[12] or metal-oxide-based nanomaterials [13], rely on the functionality, affinity and/or selectivity 
of a biological recognition elements (e.g., biosensor, antibodies, cellular membrane, organelles or 
DNA etc.) as well as the processing power and detection capability of micro and opto-electronics 
[14, 15]. Such techniques record induced changes to single or a population of cells (for instance 
the generation of reactive oxygen species (ROS) following exposure to silver nanoparticles [16] 
or the changes in cellular viability and proliferation post exposure to gold [17] or titanium dioxide 
nanoparticles [18] etc.) at discrete and user-controlled time points (e.g., 12, 24 or 48 h) mainly 
through invasive, laborious and costly assays that require intensive and time sensitive manipulation 
and handling of the samples [19, 20].  
Recently it was however found that some of these techniques are less applicable and 
reliable for assessing toxicity of carbon nanotubes (CNTs), fullerenes (C60), carbon black (CB), 
and quantum dots (QD) [21, 22]. For instance, results showed that CNTs’ high surface area, high 
adsorption capability, high catalytic activity and their characteristic optical properties could 
interfere with the reagent used in detection and affect its emission capability [21, 23, 24]. 
Specifically, several studies showed that the suitability and accuracy of assays relying on catalytic 
and affinity biosensors such tetrazolium salt and neutral red [22] to measure cellular viability 
become questionable in the case of CNTs due to the adsorption or binding affinity of the reagent 
onto the CNT surfaces [21, 23, 24]. Such limitations in the current CNT-induced hazard 
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assessments techniques [21] as well as the continuous development of CNT-based forms and 
shapes with various functionalities and physico-chemical properties [25, 26] do not allow for high-
throughput and efficient toxicity assessment to be standardized and thus lead to minimum 
regulations of these nanomaterials exposure limits. Specifically, according to Occupational Safety 
and Health Administration (OSHA), CNT exposures currently fall under the category of “particles 
not otherwise regulated” at a limit concentration of 5 mg/m3 particles [27, 28]. If CNTs are to 
reach their full potential for biotechnological applications, in particular for the development of bio-
imaging probes and drug delivery platforms [7], then new and scalable methods that allow for 
accurate cyto and genotoxicity evaluations need to be developed and implemented in real-time, all 
with minimum false positives. Such methods should also be able to allow risk assessment analysis 
with the different concentrations of nanomaterial used for exposure, as well as risk evaluation 
correlations based on the nanomaterial length [29], diameter [30], aggregation rate [31], metal 
impurities [32], and/or surface chemistry [33], just to name a few. 
  In this study, we implemented a rapid, non-invasive, high throughput, real-time continuous 
monitoring platform to detect CNT-induced changes in the behavior of confluent model human 
lung epithelial cells regularly used to investigate toxicity of nanomaterials [16, 34]. Our approach 
used an electric cell impedance sensing (ECIS) device that allowed the cells immobilized onto 
gold electrodes to serve as a proxy for direct CNT risk assessment and differentiation based on 
nanotube physico-chemical properties. By using the natural sensitivity of the cell transducers, we 
convert biological activity into electrical measurements to reflect changes in cell attachment and 
cell-cell interactions in response to nanotube’s characteristics.  ECIS was previously employed to 
monitor cellular changes upon exposure to digitoxin [35] (a cardiac glycoside with anti-cancer 
potential), cytochalasin D (a cytoskeletal inhibitor) [36] or sodium arsenate (a toxin responsible 
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for cell retraction and changes in cytoskeleton) [37], all under user-controlled conditions. Our 
experimental procedure not only capitalizes on bioengineering means to provide parallel analysis 
of the cellular behavior associated with exposure to a library of CNTs, all at a high-sensitivity, in 
real-time and with minimum sample invasion, but further overcomes the limitations and concerns 
associated with the CNT interactions with the biological sensing elements. Moreover, our analysis 
could be extended to identify toxicity of other nanomaterials in a high-throughput and non-invasive 
fashion thus extending the ability for standardizing nanomaterial risk evaluation.  
Materials and Methods: 
Single-walled carbon nanotubes (SWCNTs) functionalization 
Acid treated single-walled carbon nanotubes (SWCNTs) were produced by liquid phase 
oxidation of commercial pristine SWCNTs purchased from Unidym Inc. Specifically, the pristine 
SWCNTs were treated in a mixture of 3:1 (V/V) concentrated sulfuric acid (Fisher Scientific, 
96.4%) and nitric acid (Fisher Scientific, 69.6%) for different periods of time (i.e., 3 and 6 h) to 
obtain SWCNTs with different degree of O-related functionalities and lengths [38].  Upon time 
elapsed, the SWCNTs/acid mixture was diluted in deionized water, filtered (GTTP, 0.2 µm, Fisher 
Scientific) and washed extensively with deionized water to remove impurities or dissociated metal 
catalysts.  
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Characterization of pristine and acid treated SWCNTs  
Raman spectroscopy was used to investigate the physical and chemical properties of 
SWCNTs. For this, SWCNT powders (pristine or acid treated SWCNTs, both 3 and 6h were 
assessed) were deposited onto clean glass slides and scanned using a Raman spectrometer (CL532-
100, 100 mW, USA) and a 532 nm green laser with a spot size of <0.01 mm2 directed though a 
50X objective. Detailed scans were taken in the 100 to 3200 cm-1 range; low energy laser (i.e., < 
0.5 mV) and short exposure time (10 sec) were maintained to prevent unexpected heating effects 
of the samples.  
Energy dispersive X-ray spectroscopy (EDX) was employed for quantitative elemental 
analysis of the SWCNTs. Dry samples (pristine and acid treated SWCNTs) were mounted onto 
silica wafers and their elemental composition was evaluated using a Hitachi S-4700 Field Emission 
Scanning Electron Microscope with a S-4700 detector integrating secondary (SE) and 
backscattered (BSE) electron detection (in a single unit). 
Atomic Force Microscopy (AFM) was used in air tapping mode to investigate the lengths 
of pristine and acid treated SWCNTs [39]. Briefly, commercial Si tips (Asylum Research, 
AC240TS) were employed under their original manufacturing resonance frequency varying from 
50 to 90 kHz. During the scanning process, the topography, phase and amplitude images of the 
SWCNT samples were collected simultaneously; a minimum of 3 scans were obtained for each 
SWCNT sample and at least 30 individual SWCNT were measured for an average of their length 
distribution.  
Analysis of agglomerate size was performed using a dynamic light scattering device (DLS, 
DelsaTM). For this, suspensions of 50 µg/ml pristine and acid treated SWCNTs (both 3 and 6 h) 
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were prepared in Dulbacco Minimum Essential Media (DMEM) and analyzed at 20 oC. For each 
sample, 150 measurements were recorded and the mean particle diameter was calculated by 
analyzing the intensity, volume, and number distribution data collected. 
Cell culture and SWCNTs exposure 
Immortalized human lung epithelial cells (BEAS-2B) purchased from American Type 
Culture Collection (ATCC) were cultured in DMEM medium supplemented with 5% Fetal Bovine 
Serum (FBS), 2 mM L-glutamine and 100 units/ml penicillin/streptomycin (Invitrogen). Cells 
were passaged regularly and kept in 5% CO2 at 37oC.  To prepare the pristine and acid treated 
SWCNTs (both 3 and 6 h) for cellular exposures, the samples were first dispersed by sonication in 
deionized water to eliminate all large agglomerates (visual assessment). Subsequently, the samples 
were filtered using a 0.2 µm pore filter membrane, resuspended in DMEM media with 5% FBS, 
and again sonicated for 2 min to form stable dispersions. 
Electric cell impedance sensing (ECIS) 
Real-time quantification of cellular behavior post exposure to SWCNTs (pristine and acid 
treated) was performed using an electric cell impedance sensing device (ECIS, Applied 
Biophysics). In one set of experiments, two 8W10E+ ECIS arrays with 40 gold electrodes each 
were simultaneously employed to provide concomitant measurements of 16 samples, all at 
multiple frequencies. Prior to each experiment, the gold electrodes were pre-equilibrated and 
stabilized for 3 h with 400 µl of cellular media. Subsequently, BEAS-2B cells were seeded at a 
density of 2.5x105 cells/ml into each well and allowed to settle and grow over the electrodes for 
24 h. Upon 24 h, the cells were exposed to suspensions of 100, 50 and 25 µg/ml pristine and acid 
treated SWCNTs in cellular media and their behavior was continuously monitored for 48 h. Using 
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a multi-frequency recording mode, the resistance on the current passing in the spaces between the 
basal cell membrane and gold electrodes was recorded as the alpha parameter [35] to evaluate the 
cell adhesion characteristics and cell-substrate interactions [40, 41].  
Cell viability analysis 
BEAS-2B cells were seeded overnight onto a 12-well plate at a density of 2.5x105 cells/ml 
and exposed to suspensions of 100, 50 and 25 µg/ml pristine or acid treated SWCNTs (both 3 and 
6 h were used) in cellular media for 24 and 48 h respectively. Subsequently, the cells were 
incubated with 10 g/ml of Hoechst 33342 (Molecular Probes) for 30 min at 37 oC and then 
analyzed using fluorescence microscopy (Leica Microsystems) to assess the percentage of 
intensely condensed chromatin and/or fragmented nuclei. The apoptotic percentage was calculated 
as the percentage of cells with apoptotic nuclei over the total number of cells, both per field of 
view. 
Cellular viability was investigated using Trypan Blue exclusion assay (Invitrogen). For 
this, BEAS-2B cells were seeded overnight onto a 12-well plate at a density of 2.5×105 cells/ml 
and exposed to 100, 50 and 25 µg/ml pristine or acid treated SWCNT samples for 24 and 48 h 
respectively. Subsequently, the cells were washed twice with Phosphate Buffer Saline (PBS, 
Invitrogen), collected, stained with 0.4% Trypan Blue dye at 1:1 volume ratio and counted using 
Countess™ Automated Cell Counter (Invitrogen). 
Statistical analysis 
All results are presented as mean ± standard deviation. Two-way analysis of variance 
(ANOVA) and unpaired two-tailed Student’s T-test were performed using JMP 8.0 (SAS Institute) 
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and SigmaPlot 10.0 (Systat Software Inc.). Viability experiments were performed 3 times with 
approximately 1,000 nuclei from ten random fields being analyzed for each sample, at every time 
point. ECIS experiments were performed in duplicates and repeated at least 3 times, for a minimum 
of 6 replicates per each sample. Results are considered significant when *p < 0.05. 
Results 
Preparation and characterization of a library of single-walled carbon nanotubes  
We prepared a library of single-walled carbon nanotubes (SWCNTs) with different 
physico-chemical properties by using liquid phase oxidation in a strong acid mixture of nitric and 
sulfuric acid for 3 and 6 h respectively [42]. The approach has been previously used to introduce 
O-containing functional groups, i.e., carboxyl , carbonyl groups, shorten the SWCNTs at the defect 
sites [43]  and eliminate residual metal catalysts introduced during nanotube synthesis.  
Raman resonance spectroscopy was used to characterize the structure, surface chemistry 
and degree of functionalization of the SWCNTs library, all as a function of the acid treatment 
period (Figure 1a). Results showed that the G band (1590 cm-1), mainly associated with atomic 
arrangement on the circumferential and axial direction of the SWCNT, did not undergo major 
changes upon acid treatment. In contrast, the D band (reflective of the sample disorder) became 
wider and shifted toward lower wavelengths, i.e., 1340.7 and 1338.1 for the 3 and 6 h treated 
SWCNTs respectively relative to 1353.50 cm-1 for pristine SWCNTs, suggesting that acid 
treatment altered the nanotubes surface chemistry and disrupted their well-structured walls. The 
intensity ratio between the D and G peaks (ID/IG) for the 6 h acid treated SWCNTs was 0.47±0.056 
relative to the ID/IG of 0.253±0.048 for the pristine, while the ID/IG of the 3 h acid treated SWCNTs 
was 0.21±0.102.  
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Energy Dispersive X-ray Spectroscopy (EDX; Figure 1b) was used to characterize the 
elemental composition of the samples upon acid treatment. Analysis showed that acid treatment 
changed the composition of the SWCNT samples by changing the percentage of O and C contents 
and reducing the percentage of metal impurities (i.e., Fe, Co, Cl), all as a function of the acid 
treatment period.  
Analysis of the average length and agglomerate size of pristine and acid treated SWCNTs 
were performed using an atomic force microscope (AFM) and dynamic light scattering technique 
(Figure 1c). Our results showed that upon 3 h acid treatment the average length of the pristine 
SWCNTs (844±162 nm) was reduced by 22% (656±207 nm), while 6 h acid treatment led to 39% 
reduction (517± 208nm) respectively. Complementary, the average agglomerate size was reduced 
by 40% for the 3 h acid treated sample (from 615±133 to 378±83 nm) and by 22% (from 615±133 
to 481±95 nm) for the 6 h acid treated nanotubes.  
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Figure 1: Characterization of the SWCNTs properties as a function of the treatment time.  a) 
Raman spectra; b) Elemental composition; and c) Length and agglomerate size analysis (* 
Indicates significant difference between the pristine and acid treated SWCNTs, while ¥ indicates 
a significant difference between the 3 and 6 h acid treated SWCNTs respectively, p<0.05).  
11 
 
 
Real-time evaluation of cellular behavior upon exposure to SWCNTs with different physico-
chemical properties 
The effects of the SWCNTs library on the behavior of model human lung epithelial cells 
(BEAS-2B) were assessed using electric cell impedance sensing (ECIS) by employing the natural 
sensitivity of the cells to provide high-throughput, parallel measurements of cellular attachment 
and cell-cell interactions [41, 44]. Briefly, BEAS-2B cells were seeded onto the ECIS electrodes 
and exposed to 100, 50 and 25 µg/ml of either sample of SWCNTs (pristine, 3 or 6 h acid treated) 
for 48 h. The exposure doses chosen for this investigation were extrapolated from in vivo studies 
mimicking acute human exposure levels at Occupational Safety and Health Administration 
(OSHA) for particles less than 5 μm in diameter which correspond to workspace exposure at 
5 mg/m3 from 8 years up to a lifetime span (32 years) [45, 46]. 
Representative measurements of the resistance values of cells from the time of inoculation 
to the formation of a confluent monolayer, and subsequently post-exposure to the pristine and acid 
treated SWCNTs are shown in Figure 2.  Our results showed that upon cellular inoculation, the 
normalized resistance values increased in a time-dependent manner according to the settling, 
spreading and attachment behavior of the cells over the electrodes and are also dependent on the 
corresponding morphological changes. For instance, as the cells proliferate, divide, establish 
cellular connections and form a monolayer, their size, shape and morphology change in real-time, 
which in turn affect the restrictions on the ac current pathways and the corresponding resistance 
value  [35]. 
 Upon exposure to the library of SWCNTs, the resistance values have changed in with cells 
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exposed to pristine SWCNTs showing significantly lower resistance than control cells, however 
with no significant changes in the values being observed for the different doses of exposure used 
in our experiments (Figure 2b).  
Cells exposed to 3 h acid treated SWCNTs showed a reduction in the resistance value 
relative to the control cells; no significant differences between the different exposure doses were 
recorded however the highest drop in resistance was noticed for 100 µg/ml dose (Figure 2c). Cells 
exposed to 6 h acid treated SWCNTs also showed a drop in their resistance values relative to their 
control counterparts, all in a time and dose dependent manner, with a gradual increase in the 
normalized resistance values observed for the cells exposed to lower SWCNT doses (Figure 2d). 
Moreover, the results indicated that cells exposed to the 6 h acid treated SWCNTs at lower 
concentrations (50 and 25 µg/ml) were able to overcome the disturbance caused by the exposure 
and regained their resistance values within 48 h from the time of exposure.  
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Figure 2: Representative real-time measurements of the normalized resistance showing 
changes in the cellular behavior from inoculation until the formation of a confluent monolayer (a) 
and subsequently 48 h following exposure to b) pristine, c) 3h and d) 6 h acid treated SWCNTs. 
Analysis of the different current pathways associated with the restrictions of the current 
flow in the spaces beneath the basal membrane of the attached cells onto the electrode substrates 
function of the characteristics of the SWCNTs library were also performed (Figure 3a). Reduction 
in alpha-parameter corresponds to an increase in the distance between the gold electrodes and the 
cell basal-membrane that will reflect loss of cellular adhesion [35, 41]. Our results showed that 
alpha values for the cells exposed to SWCNTs were significantly lower than those of the control 
cells, with the differences being dependent on both the type of the nanotube and the exposure dose 
being used. Specifically, while the cells exposed to pristine SWCNTs showed a small reduction 
(Figure 3b), the cells exposed to 3 h acid treated SWCNTs showed a gradual decrease in their alpha 
which progressed both with time and the dose being tested (Figure 3c). Finally, cells exposed to 6 
h acid treated SWCNTs exhibited the highest reduction in alpha relative to controls, however with 
no differences being observed between the different doses being tested.   
Cross-comparison according to the different types of SWCNTs showed that exposure to 
the 6 h acid treated samples led to the highest dose-dependent reduction in cellular attachment 
relative to control cells. The reductions were dose–dependent with 60%, 68% and 72% change 
observed for cells exposed to 25, 50 and 100 µg/ml SWCNTs respectively (Figure 3d). Similarly, 
cellular exposure to 3 h acid treated SWCNTs led to 29%, 45% and 57% reduction in alpha after 
exposure to 25, 50 and 100 µg/ml nanotube respectively. In contrast, cells exposed to pristine 
SWCNTs showed the lowest reduction in the cellular attachment (about 10% less than the values 
of the control cells), with no significant differences being observed between the different exposure 
15 
 
doses being investigated. Lastly, analysis showed that after 48 h the cells exposed to the 6 h acid 
treated SWCNTs were able to regain some of their adhesion characteristics by revealing an average 
increase of about 38% relative to their alpha values after 24 h of exposure. In contrast, the cells 
exposed to both 3 h acid treated and pristine SWCNTs continued to maintain a decrease in their 
cellular adhesion.  
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Figure 3: Real-time measurements of the normalized alpha following exposure to a) 
pristine, b) 3 h and c) 6 h acid treated SWCNTs. d) Cross-comparison in alpha parameter following 
SWCNTs exposure.  (* Indicates significant difference between cells exposed to SWCNTs and 
control cells; ** indicates significant difference between 24 and 48 h of exposure).  
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Cellular viability is function of the SWCNT physico-chemical properties 
To test whether exposure to the SWCNTs library affected cellular viability, we scored the 
number of cells showing apoptotic percentages based on the changes in their nuclear morphologies 
as a result of chromatin condensation or DNA fragmentation [47]. Our results indicated that 
exposure to the SWCNTs induced a time and dose dependent increase in the percentage of 
apoptotic cells (Figure 4). In particular, cells exposed to pristine SWCNTs showed the highest 
apoptotic percentage relative to cells exposed to the acid treated SWCNTs with exposure to pristine 
SWCNTs yielding a maximum of 12% and 16% apoptotic cells after 24 and 48 h respectively. 
However, exposure to 3 h acid treated SWCNTs resulted in maximum 5% apoptotic cells after 24 
h and 11% after 48 h exposure respectively, while exposure to 6 h acid treated SWCNTs resulted 
in 7% apoptotic cells after 24 h and 13% after 48 h respectively.  
Our analysis evaluating the number of live cells after 24 and 48 h exposure to the SWCNTs 
library complemented the results above (Fig. 4b) with examinations showing time, dose and 
SWCNT-properties dependent decrease in cellular viability of the exposed cells, all relative to 
controls. For instance, exposure to pristine, 3 and 6 h treated SWCNTs at 100 and 50 µg/ml doses 
showed a drop in the percentage of live cells of about 16%, 14% and 10%, with the decrease 
progressing to 30%, 22% and 18% respectively after 48 h of exposure, all relative to controls. 
Complimentary, 24 h exposure to 25 µg/ml of pristine, 3 and 6 h treated SWCNTs did not result 
in a significant reduction in the live cell counts, however 48 h exposure reduced the percentage of 
live cells by about 15%, 12% and 9% for the cells exposed to pristine, 3 and 6 h treated SWCNTs, 
all relative to control cells. 
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Figure 4: a) Percentage of apoptotic cells and b) percentage of live cells following 24 and 
48 h exposure to different concentrations of pristine, 3 and 6 h acid treated SWCNTs. (* Indicates 
significant differences between SWCNTs exposed cells and control cells, p<0.05).  
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Discussion 
Previous studies employing traditional biological methods such as immunofluorescence 
[34, 48], flow cytometry [49], photospectroscopy [21], and Western blotting [50] have provided 
insights into the SWCNT-induced toxicity after defined exposure times. Analysis showed that 
internalization of SWCNTs could activate different cellular mechanisms from ROS generation [18, 
32] to inflammation [51], cell signaling [52], protein expression [50], fibrogenesis [53, 54], cellular 
attachment [55], viability [47] or proliferation [56], with such effects being function of the 
differences in length [29, 57], agglomeration [31], and surface chemistry [58, 59] of the nanotubes 
being tested. However, such analysis failed to interpret intermediate exposure time points and 
defined SWCNT-induced toxicity as being the result of invasive cellular changes reflected as 
cytoskeletal rearrangement [60], membrane disruption [60, 61], disruption of the mitotic spindle 
[62] or cellular aneuploidy [34, 48], just to name a few.  
We provided a comprehensive, multi-parametric, non-invasive, high-throughput and real-
time in vitro risk assessment evaluation of the exposure of model human lung epithelial cells to a 
library of SWCNTs. The library was prepared by incubation of pristine SWCNTs in a strong acid 
mixture of nitric and sulfuric acid for 3 and 6 h respectively [26, 42]. Raman, EDX and AFM cross-
analysis showed that acid treatment increased SWCNTs degree of functionalization with O-
containing groups  by cutting and oxidizing the nanotubes at their defect sites and tips [63] and 
reduced their content of metal catalysts ( i.e., Fe and Co) incorporated during manufacturing [26]. 
Analysis also showed that the smaller agglomerate size of the acid treated samples were associated 
with the formation of thin electric dipole layers that affected SWCNT stability and hydrodynamic 
diameter [58].  
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The smaller agglomerate size observed for the 3 h acid treated sample relative to the 6 h 
one was further associated with the interplay between the Van der Waals attraction forces and the 
electrical repulsive forces caused by the O-rich groups according to the Schulze-Hardy rule [64]. 
Secondly, using the ECIS high-throughput, real-time analysis we showed that changes in 
cellular behavior upon exposure to SWCNTs were continuously and non-distractively monitored 
and related to the dose and physico-chemical characteristics (e.g., length, purity, hydrophilicity, 
and size of agglomerates) of the nanotubes being tested (Figure 5). In particular, the multiple 
frequencies analysis assessing restrictions on the current pathways through the cellular monolayer 
as well as through the para- and subcellular spaces [40] helped classify changes in cell morphology 
as well as in the cell-cell/substrate interactions [41, 44] based on the library characteristics. The 
analysis revealed that the increase in the O-groups led to higher SWCNTs’ hydrophilicity and 
differential internalization [66].  
The higher internalization of the 6 h acid treated SWCNTs relative to both 3 h acid treated 
and pristine SWCNTs was reflected as higher changes in both the resistance and cell adhesion 
properties, presumably due to the higher interactions of these internalized nanotubes with the 
cellular cytoskeleton and the known role of the cytoskeleton to influence cell-substrate interactions 
[60, 67]. This was also confirmed by the ability of the exposed cells to regain some of their 
adhesion characteristics after 48 h of exposure nanotube. Further, our results expanded previous 
studies based on fluorescence microscopy and cell counting techniques by providing quantifiable 
differential measurements on the cell-cell and cell-substrate interactions without prior cellular 
manipulation or labeling [55, 68].  
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Based on previous reports showing that changes in cellular adhesion are associated with 
changes in cellular morphology [68] and elasticity [49], which in turn could lead to changes in 
cellular viability [69, 70], our analysis of the percentage of apoptotic cells upon exposure to 
SWCNTs confirmed that the surface chemistry and degree of functionalization of SWCNTs 
strongly influences cell apoptosis [47, 71-73].   
The higher apoptotic percentage observed for cells exposed to pristine SWCNTs was 
presumably associated with the higher content of metal impurities, as well as the length and larger 
agglomerate size of these nanotubes relative to their acid treated counterparts. Previous studies 
showed indeed that exposure to longer SWCNTs induced more potent toxic effects than shorter 
SWCNTs with exposure to longer nanotubes leading to increased ROS generation [51], fibrosis 
[74] and apoptosis [51], as well as reduction in cellular viability [57, 74].  Moreover, previous 
reports have also showed that the presence of metal impurities (i.e., Fe) resulted in higher cytotoxic 
and genotoxic effects [32], production of hydroxyl radicals [75], loss of intracellular low molecular 
weight thiols (GSH) and accumulation of lipid hydroperoxides.  
 
22 
 
 
 
Figure 5: Schematic of the SWCNT-induced cellular changes as a reflection of changes in cellular 
morphology, cell-cell interactions, and cellular attachment properties. Those changes are analyzed 
in relation to the SWCNT physico-chemical characteristics to determine nanotubes internalization 
and induced cellular fate.   
Our results confirm previous studies which showed that exposure to longer SWCNTs 
induced increased toxic effects relative to shorter SWCNTs with exposure to longer nanotubes 
leading to an increase in the ROS generation and apoptosis, as well as reduction in cellular 
viability. Further, our results confirm previous reports showing that the presence of metal 
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impurities (i.e., Fe) in the nanotube samples resulted in higher cytotoxic and genotoxic effects 
production of hydroxyl radicals, loss of intracellular low molecular weight thiols and accumulation 
of lipid hydroperoxides (Kagan et al., 2006), all by providing quantifiable differential 
measurements on the cell–cell and cell–substrate interactions without prior cellular manipulation 
or labeling.   
 
Conclusions: 
Our study relies on the natural sensitivity of the cells used as primary transducers to provide 
real-time risk assessment of nanotube toxicity with minimum sample handling thus overcoming 
the limitations and concerns associated with SWCNT interactions with the biological detection 
elements. The results showed that exposure of human lung epithelial cells to different doses of 
SWCNTs with user-defined physical and chemical properties leads to time and dose dependent 
changes in the cellular behavior, adhesion properties and viability. In particular, our study showed 
functional differences in the cellular behavior upon exposure to pristine and acid treated SWCNTs 
according to the length, surface chemistry, purity and agglomeration of the sample being 
investigated. For instance, while acid treated SWCNTs showed the highest reduction in cellular 
adhesion, exposure to pristine SWCNTs yielded the highest percentage of apoptotic cells after 24 
and 48 h SWCNT exposure. Our studies help extend the applications of the electric sensing 
platform to help standardize nanomaterial risk evaluation. 
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Chapter 2 
 
Combinatorial Approaches to Evaluate Nanodiamonds 
Uptake and Induced Cellular Fate 
 
Abstract 
Nanodiamonds (NDs) are an emerging class of engineered nanomaterials that hold great 
promise for the next generation of bionanotechnological products to be used for drug and gene 
delivery, or for bio-imaging and biosensing. Previous studies have shown that upon their cellular 
uptake, NDs exhibit high biocompatibility in various in vitro and in vivo set-ups. Herein we 
hypothesized that the increased NDs biocompatibility is a result of minimum membrane 
perturbations and their reduced ability to induce disruption or damage during cellular translocation. 
Using multi-scale combinatorial approaches that simulate ND-membrane interactions, we 
correlated NDs real-time cellular uptake and kinetics with the ND-induced membrane fluctuations 
to derive energy requirements for the uptake to occur. Our discrete and real-time analyses showed 
that the majority of NDs internalization occurs within 2 h of cellular exposure, however, with no 
effects on cellular viability, proliferation or cellular behavior. Furthermore, our simulation 
analyses using coarse-grained models identified key changes in the energy profile, membrane 
deformation and recovery time, all function of the average ND or ND-based agglomerate size. 
Understanding the mechanisms responsible for ND-cell membrane interactions could possibly 
advance their implementation in various biomedical applications. 
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Introduction 
Nanodiamonds (NDs) are an emerging class of engineered carbon–based nanomaterials 
known for their narrow size distribution and high surface area, light weight, high adsorption 
capability, chemical and thermal stability, as well as biocompatibility [1, 2]. Their ability to allow 
multi-surface functionalization by bio-conjugation with nucleic acids, proteins and therapeutic 
agents[3, 4] make NDs viable candidates for a variety of applications in  the biomedical, 
pharmaceutical, and industrial fields[5]. In particular, the inexpensive and large-scale production 
of NDs through detonation of carbon-containing explosives could lead to the formation of the next 
generation of smart systems to be used as drug delivery platforms in cancer treatment, as carriers 
of genetic material and proteins, or as bio-imaging probes[6]. However, before such large-scale 
implementation could be achieved, NDs uptake, internalization, interactions and ultimately 
induced cellular fate need to be fully assessed. 
Previous studies have showed that NDs have minimum toxicity in different cellular 
systems; for instance, Liu et al., showed that exposure of human lung epithelial cells A549 and 
HFL-1 normal fibroblasts to ND concentrations between 0.1-100 μg/ml did not affect cellular 
viability nor altered protein expression profiles[7]. Complementarily, studies of cellular 
morphological changes and DNA fragmentation in macrophages and HT-29 human colorectal 
adenocarcinoma cells respectively did not show cell transformation[8] nor significant reactive 
oxygen species generation[7, 9]. Additionally, Schrand et al., showed that toxicity of NDs was 
significantly lower when compared to the toxicity of other carbon-based nanomaterials, with the 
order of toxicity decreasing from single-walled (SW) to multi-walled carbon nanotubes 
(MWCNTs), to carbon black (CB) and NDs[9] respectively. Furthermore, in vivo investigations 
using animal models complemented in vitro analyses, with histopathological and ultrastructural 
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images of biological tissues showing that NDs did not induce pulmonary toxicity when 
administered to mice by intratracheal instillation[8]. Similarly, subcutaneous exposure, 
intraperitoneal injection or oral administration for different periods (from 10 days up to 3 months) 
in both mice and rats did not lead to inflammatory or adverse immune reactions[10] nor weight 
changes of mice and rats, nor of their offsprings internal organ (e.g., lungs, kidneys, and heart)[8, 
11]. While the majority of studies reported high biocompatibility of NDs in vivo, however, some 
concentration and functionalities of the NDs were shown to induce thromboembolism in mice[12].  
Although these results show that the toxicity of NDs has been extensively investigated, 
there is limited available information that revealed NDs dynamics upon cellular uptake or 
translocation. For instance, previous research indicated that NDs are uptaken through an energy-
dependent clathrin-mediated endocytotic pathway[13, 14] at a higher cellular uptake rate than the 
rate of other carbon-based nanomaterials (i.e., SW-, MWCNTs or graphene for instance)[15] 
however, such studies failed to demonstrate why the proposed pathway was the preferred 
mechanism. Given that the real-time uptake and internalization of NDs rely on the average particle 
size as well as on ND interaction with the proteins in cellular media[16, 17], understanding the 
mechanisms responsible for ND-cell membrane interactions as well as possible ND-induced 
membrane damage will provide fundamental knowledge to help explain their observed 
biocompatibility and thus ensure further implementation as smart drug delivery nanovehicles[16].  
Herein, we hypothesize that the increased biocompatibility of NDs is due to minimum 
membrane damage induced by their uptake. Using combinatorial platforms that simulate ND 
interactions with the cellular membrane and cells as primary transducers, we unravel NDs real-
time uptake, translocation, as well as induced-cellular fate in model cellular systems[18] to provide 
novel scientific insights that help advance their implementation in biomedical applications. 
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Materials and Methods 
Nanodiamonds (NDs) preparation  
Detonation nanodiamonds powder (NDs) was purchased from Plasmachem (GmbH, Germany) 
and grinded using a planetary ball mill (Fritsch Pulverisette 7 premium line, Germany) and zirconia 
oxide balls (100 µm of diameter, Germany) at 7000 U/min, two times for 30 min each, with a 
10 min break in between. The resulting grinded powder was suspended in Milli-Q water to obtain 
a 1 wt% solution; subsequently, the solution was sonicated in pulsed mode in an ultrasonic 
homogenizer (Bandelin Sonoplus HD 2200; control unit GM 2200, Germany) at a cycle rate of 
50% and the pH was adjusted to 7.4.  
Chemical and physical characterization of NDs  
Fourier transform infrared spectroscopy (FTIR) was performed on a Smart OMNI-
Transmission module (Thermo Scientific, Nicolet IZ10, Germany); at least 32 scans per sample in 
the range of 400 – 4000 cm-1 and at a resolution of 4 cm-1 were acquired and analyzed using the 
manufacturer software (Omnic, Germany). The size and morphology of the NDs were evaluated 
using scanning (SEM) and transmission electron (TEM) microscopy. SEM investigations were 
performed on a Carl Zeiss 1.500stes Gemini SEM (GmbH, Germany); for this, a droplet of a 
0.1 wt% NDs suspension was dispersed in water and dried on a silicon wafer. TEM images were 
obtained on a Carl Zeiss LIBRA® 200 (GmbH, Germany) by placing small amounts of a 1 wt% 
NDs suspension on a clean copper-grid with a carbon-film with holes (400 mesh, Plano Germany). 
Analysis of NDs aggregation and zeta potential were performed using dynamic light scattering 
(DelsaTM Nano Particle Analyzer Beckman Coulter, Germany). In each experiment, suspensions 
of NDs (100 µg/ml) were prepared in Milli-Q water or Dulbecco's Modified Eagle Medium 
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(DMEM, Invitrogen, USA) supplemented with 5% Fetal Bovine Serum (FBS, Invitrogen, USA). 
For each analysis, 4 replicates were performed for a total of 150 measurements, at 20 °C and 
considering a 1.33 refractive index for water and a 1.34 for DMEM respectively[19].  
Cell culture 
Immortalized human bronchial epithelial cells (BEAS-2B) were purchased from American 
Type Culture Collection (ATCC, USA) and cultured in DMEM media with 5% FBS, 0.1% 
L-glutamine and 1% penicillin/streptomycin (Invitrogen, USA). Cells were passaged regularly 
using 0.25% trypsin (Invitrogen, USA) and maintained in a humidified atmosphere at 37 ºC and 
5% CO2 respectively. 
Uptake of NDs 
 BEAS-2B cells were seeded overnight in a 12-well plate (Fisher, USA) at a density of 2.5x 
105 cell/ml. The cells were subsequently treated with 400, 200, 100, 50, and 25 μg/ml NDs 
suspensions in DMEM media with 5% FBS for 1, 2, 3 or 24 h respectively. Following the NDs 
treatment, the cells were washed with phosphate buffer saline (PBS, Lonza, USA), trypsinized, 
resuspended in DMEM, centrifuged at room temperature and 1200 rpm for 5 min. The samples 
were further washed with PBS, fixed with 4% paraformaldehyde (Fisher Scientific, USA) for 
15 min at room temperature, and then washed again with PBS several times to remove any of the 
fixative.  
Fluorescence Activated Cell Sorting (FACS) was performed on a BD LSR Fortessa Flow cell 
analyzer (BD Biosciences, USA); the forward scatter (FSC) and side scatter (SSC) were used to 
gate the live cells population and at least 10000 events were recorded for each sample. Data was 
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analyzed and plotted using FlowJo v7.2.5 software and NDs uptake was determined by averaging 
the FITC signal of the exposed cells at 488 nm excitation and 515 nm emission.  
Electric Cell Impedance Sensing (ECIS) 
Real-time analysis of the BEAS-2B cellular behavior before and after exposure to NDs was 
performed using an electric cell impedance sensing (ECIS 96W, Applied Biophysics) platform. In 
each experiment, 96W10+ array (Applied Biophysics, USA) with 20 gold electrodes in inter-
digited finger configuration was employed to provide concomitant measurements of 2000-4000 
cells per well in real-time and at multiple frequencies. For this, the array holder was placed in a 
humidified incubator at 37 oC and 5% CO2 to ensure optimal conditions for cell growth. Prior to 
any experiment, the electrodes were stabilized for 3 h in 200 µL serum free DMEM; subsequently, 
BEAS-2B cells were added at a density of 2.5x105 cell/mL in a volume of 200 µL/well. Cells were 
allowed to settle and grow over the electrodes until a confluent monolayer was formed[20]. Upon 
monolayer formation, the cells were treated with 400, 200, 100, 50, and 25 μg/ml NDs suspended 
in DMEM media with 5% FBS and their cellular behavior was subsequently monitored for 48 h.  
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Cell viability 
To determine the effect of NDs on cellular viability, BEAS-2B cells were seeded overnight in 
a 96-well plate (Fisher, USA) at a density of 1 × 105 cell/ml and treated with 400, 200, 100, 50, 
and 25 μg/ml ND suspensions for 24 h. Subsequently, 10 μl of tetrazolium salt 2- (4-iodophenyl) 
- 3- (4-nitrophenyl) - 5-(2,4-disulfophenyl) -2H-tetrazolium, known as WST-1 (Roche, USA), was 
added to each well and incubated for 2 h. Changes in cell viability were based on the cellular ability 
to cleave WST-1 salt to farmazan by enzyme dehydrogenase[21]. The amount of farmazan dye 
formed was assessed using a BioTek 96 plate reader (BioTek, USA) and measuring the absorbance 
of the sample at 450 nm. Relative cellular viability was calculated as the ratio of absorbance signal 
as derived from the NDs exposed cells to the absorbance signal of control (i.e., untreated cells).  
Cell cycle analysis 
To study the effects of different NDs doses on cell cycle progression, BEAS-2B cells were 
seeded overnight in 12 well plate at a density of 2.5 × 105 cells/well, and exposed to 400, 200, 100, 
50 and 25 μg/ml NDs suspended in DMEM media with 5% FBS for 24 h. Subsequently, the cells 
were trypsinized, collected, washed twice with PBS, centrifuged at 1500 rpm for 6 min and fixed 
overnight at -20 °C in 2 ml 70% ethanol (Sigma, USA). Upon time elapsed, the cells were again 
washed in PBS, resuspended in 0.2% tween 20 (Sigma, USA) for 15 min, treated with 10 μl 0.05%  
RNase (Sigma, USA) for 15 min and lastly stained with 30 μl propidium iodide (Sigma, USA). 
The DNA content was determined using BD LSR Fortessa Flow cell analyzer. Forward scatter 
(FSC) and side scatter (SSC) were used for gating to include the majority of live cell population; 
20,000 events were collected for each sample using the BD FACS Diva software (Verity Software 
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House, USA) and analyzed using FlowJo software V10.0.7 (Tree Star Inc., USA) to measure their 
DNA content.  
Simulation setup 
To evaluate the uptake of NDs, we used coarse-grained representation and the GROMACS 
software package (v4.5.5)[22].  The coarse-grained representation was developed using the 
MARTINI four-to-one mapping scheme[23]. Atomistic models of NDs (3, 5, and 7 nm in 
diameter) were generated using the diamond lattice (with Fd3m space group and face-centered 
cubic lattice) in CrystalMaker software. Coarse grained ND beads were given standard C1 bead 
type and a zero net surface charge. Subsequently, the constructed ND was energy minimized and 
equilibrated with explicit MARTINI water (isobaric-isothermal ensemble at 300 K and 1 atm 
pressure).  
The coarse-grained lipid bilayer used for the analysis was made up of neutral 
distearoylphosphatidyl choline (DSPC) molecules and negatively charged distearoylphosphatidyl 
glycerol (DSPG) lipid molecules. The DSPC:DSPG ratio was maintained at a 3:1 ratio to resemble 
a net negative charge of mammalian cell membranes[24]. The electroneutrality of the total system 
was achieved by adding the required number of sodium counterions as determined by the number 
of DSPG lipid molecules being available. The bilayer was allowed to self-assemble without any 
constraints in a user-designed simulation box with a size of 16.0 × 16.0 × 30 nm3. In all simulations 
the center-of-mass (COM) of the ND was placed 7.0 nm along the +z-axis above the lipid bilayer 
as the starting structure for the simulation; the entire simulation box was solvated with coarse-
grained water beads of which 10% were anti-freeze type.  
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All initial systems were energy minimized using the steepest descent algorithm followed by 
isochoric-isothermal (NVT) and isobaric-isothermal (NPT) equilibration simulations for 100 ns 
each at 300 K.  The production run simulations were performed using the Berendsen barostat[25] 
and temperature coupling at 300 K. The equilibrated systems were subsequently subjected to 
umbrella sampling pull simulations for 3.6 ns and over a distance of approximately 13 nm by 
applying a constant force of 1000 kJ mol-1 nm-2 to the COM of the ND to pull it through the lipid 
bilayer. In each case, the geometries of the system were saved at regular time intervals to generate 
over 174 configuration windows with each window being analyzed to determine the distance 
between the COM of the ND and the mid-plane of the lipid bilayer. Out of the initial set of 
configurations, uniformly separated windows with 0.2 nm spacing were selected. For each of the 
selected windows, NPT equilibration was performed for 5 ns followed by 100 ns of production run 
with no geometric constraints. At the end of the production run the potential of mean force (PMF) 
values were obtained for the translocation process by using the weighted histogram analysis 
method[26]. The activation barrier for each translocation simulation was calculated by taking a 
difference between the maximum and the minimum energy points of the PMF curve. The rate 
constants were calculated by using the first order transition state theory; subsequently, the rate 
constant was used to calculate the half-lives and characteristic lifetime of the translocation 
process[17].  
To mimic the experimental serum protein in medium, bovine serum albumin (PDB: 4F5S) 
protein[27] was used in the simulations.  High resolution BSA crystal structure was obtained from 
the protein data bank and coarse-grained using the available MARTINI scripts. The secondary 
structure of the protein and the bead assignment were based on standard MARTINI coarse grained 
methods[23]. The interactions between coarse grained BSA and NDs of sizes 3, 5, and 7 nm were 
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investigated in three separate simulations. In each case, the NDs were introduced in a well-
equilibrated system of BSA molecules with explicit water and positively charged counter ions 
(Na+) at 300 K. The counter ions were added to maintain the electroneutrality of the simulation 
system because BSA is a negatively charged protein under the physiological conditions.  
Statistical analysis 
All results are presented as mean ± standard deviation. Uptake, cellular viability and cell 
cycle experiments were performed in duplicates and repeated at least 3 times, for a total minimum 
of 6 replicates per each concentration and each time point being investigated. ECIS experiments 
were performed in duplicates and repeated at least 4 times per each dose being tested. Two-way 
analysis of variance (ANOVA) and unpaired two-tailed Student’s T-test were performed using 
SigmaPlot 10.0 (Systat Software Inc.); differences were considered significant for p* < 0.05. Each 
coarse-grained simulation was repeated 2 times to sample over the starting configurations and the 
initial conditions of the system. The random number generator was initialized with different seeds 
in each simulation. The statistical errors in the PMF curves were estimated using the bootstrap 
analysis available in GROMACS. The size analysis of equilibrated ND particle after BSA corona 
formation was performed by averaging over a multiple inter-particle distances of farthest, 
diametrically opposite coarse-grained beads of BSA proteins. The average values of the diameter 
and standard deviation are reported.    
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Results  
Physico-chemical characterization of nanodiamonds (NDs) 
Comprehensive analyses of NDs physico-chemical properties were performed using 
infrared spectroscopy and transmission electron microscopy. Spectroscopy results identified O-
related groups (i.e., OH, COOH, and O-CH groups respectively) on the NDs surface (Figure 1a) 
and their manufacturing process as resulted from the oxidation of sp2 carbon during detonation 
soot purification[28]. Specifically, the peak at 3350 cm−1 was attributed to the O–H stretching 
vibration, while the peak at around 1750 cm−1 was associated with the C O stretching 
vibration[18]. In addition, the small peak observed at around 1600 cm−1 was a result of the O–H 
bending vibration, with the peaks between 1000 to 1250 cm−1 being associated with the C–O 
stretching vibrations[29].  Electron microscopy investigations showed that NDs had planar 
structures that ranged from 3 to 7 nm in size, with an average of 5 nm (Figure 1b). Furthermore, 
the NDs formed primary agglomerates (conglomerates of individual NDs; Figure 1b insert) which 
ranged from 30 to 100 nm and were comparable to previous studies[30, 31].  
Dispersity analyses performed using dynamic light scattering (DLS) (Figure 1c) showed 
that NDs dispersed in water had an average size of about 63.6±10.3 nm while the ones dispersed 
in cellular media reached 89.6±12.8 nm. Their agglomeration is a result of the O-balance present 
at their synthesis as demonstrated by the negative zeta potential (-28.2±2.4 mV). The larger size 
of these NDs in media was presumably due to additional serum proteins adsorbed onto their 
surfaces and the formation of protein corona that as demonstrated by the change in zeta potential 
(-93.35±5.5 mV). 
To explain the agglomeration and the changes in dispersity, we performed computational 
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analyses (Figure 1d). We considered neutral NDs for simulations and subsequently evaluated their 
agglomeration in the presence of serum proteins, with bovine serum albumin (BSA) being the 
dominant one. The consideration for neutral NDs as compared to anionic ones come from previous 
studies which showed that larger protein concentrations in the media would lead to overall minor 
variations in zeta potentials to influence their cellular uptake[32, 33]. Complementarily, the 
consideration for BSA was based on previous studies showing that concentrations of up to 
27 mg/ml BSA are present in certified fetal bovine serum (FBS), resulting in an approximate 
1.35 mg/ml in DMEM media containing 5% FBS (v/v)[34]. Our approach also took into account 
that most cellular membranes are negatively charged thus further influencing the local 
environment of the ND and their uptake.  
The BSA protein being aspherical and with cross-sectional lengths of  9.1, 6.4 and 5.1 nm 
respectively, is comparable with or larger than the NDs used in this work. Analysis showed that 
when the BSA was interacted with the neutral NDs, an individual BSA-ND complex was formed, 
all within 200 ns of the simulation, with the complex formation being mainly driven by van der 
Waals and hydrophobic interactions between the neutral ND and negatively charged BSA 
molecules respectively. Results also showed that only a fraction of the BSA surface could 
contribute to the formation of the complex. As such, a stable non-uniform monolayer of BSA 
molecules would be observed for all ND sizes being tested with the monolayer leading to an 
increase in the hydrodynamic radius of the NDs or resulting complexes (Figure 1d). For instance, 
the snapshot of 3 nm ND showed a non-uniform protein corona being formed onto its surface, with 
about 3 BSA molecules being adsorbed as blobs with pockets to lead to a complex of a 8.6 ± 
2.1 nm diameter. Non-uniform protein coronas were also observed for both 5 and 7 nm ND sizes 
resulting in 13.1 ± 3.2 and 15.7± 4.9 nm diameters, respectively. In control, analyses with 
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negatively charged particles (Supporting information; S1) also led to a non-uniform protein corona 
formation as resulted from a maximum adsorption of about 4 BSA molecules onto larger particles. 
Taking into account that the stoichiometry of the BSA-ND complex is sensitive to several physico-
chemical properties that include NDs size, ND surface charge, protein-protein interactions, charge 
on the protein, as well as the pH of the medium, the variation in protein corona stoichiometry is 
minimal relative to the protein corona formed for the neutral particle and represents the result of 
the continuous physical exchange at ND interfaces[35]. 
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Figure 1: Characterization of detonation nanodiamonds (NDs), (a) Fourier Transform 
Infrared spectra indicating the presence of O-rich groups. (b) Transmission and Scanning Electron 
microscope images (TEM and SEM in insert respectively). (c) Dynamic light scattering (DLS) 
intensity distribution showing the average agglomerate diameter of NDs.  
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ND uptake and induced cellular biocompatibility 
We confirmed the uptake of NDs using their intrinsic photoluminescence and standard in 
vitro fluorescence activated cell sorting (FACS) analysis. Briefly, human lung epithelial cells 
(BEAS-2B) were exposed to NDs dispersed in cellular media containing BSA for 1, 2, 3 and 24 h 
respectively; BEAS-2B previously served as a suitable model system for in vitro testing of uptake 
of carbon nanotubes[18], titanium dioxide[36], and silver nanoparticles[37] just to name a few. 
Figure 2a shows that NDs cellular uptake was function of both the concentration and the exposure 
time, with analyses revealing that cells exposed to concentrations of 400, 200 and 100 µg/ml NDs 
had significantly higher fluorescence intensity relative to their control counterparts (i.e., 
unexposed cells). Fluorescent signals of cells exposed to 50 and 25 µg/ml NDs were however not 
significantly different from their control counterparts. Control experiments did not identify large 
conglomerates or particles thus confirming that the NDs uptake was in its majority.  
The uptake did not influence the cell structure or morphology; this was confirmed 
experimentatlly using real-time non-invasive electric cell impedance-sensing (ECIS) experiments. 
Specifically, we used the insulating nature of the plasma membrane and ECIS to provide sensitive 
analysis of membrane fluctuations or cytoskeleton reorganization[38-41]. The ECIS was 
previously employed to study cellular viability, proliferation[42], motion[40], morphology[39] 
and attachment[20] post exposure to different toxins[42], therapeutic agents or viral vectors[42], 
and nanomaterials of carbon[43]. Figure 2b shows representative ECIS measurements of the 
normalized resistance values for control and NDs-exposed cells performed for 48 h at 4 kHz 
frequency; the selected operational frequency was previously shown to allow for optimal 
measurement of the cellular membrane integrity, cellular adhesion and cell-cell interactions over 
the gold electrodes[38, 41].  
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Our results revealed that the resistance curves of the NDs-exposed cells were similar to 
those of the control cells and showed no changes in cellular morphology or integrity of the cellular 
monolayer. Furthermore, analyses showed that there were no quantifiable differences in the 
fluctuations of the resistance curves, which confirmed that the uptake of NDs did not lead with 
observable membrane changes or cellular-induced micromotion onto electrodes[40, 44] (Figure 
2c). 
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 Figure 2: ND uptake and induced cellular biocompatibility following NDs 
exposure. (a) Normalized FITC signal of cells exposed to (25, 50, 100, 200, 400 μg/ml) NDs for 
1, 2, 3 and 24 h respectively. (b) Representative normalized resistance measurements of BEAS-
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2B cells upon their exposure to different concentrations of NDs, (c) Quantifications of membrane 
fluctuations of cells exposed to NDs relative to unexposed cells. Differences were considered 
statistically significant for p* < 0.05. 
Upon confirming NDs uptake, we validated their induced biocompatibility through 
analysis of cellular activity and cell cycle progression respectively. Cellular activity is regulated 
by different organelles such as the mitochondria, plasma membrane, as well as by cell-cell 
interactions and is a reflection of the overall cell fate[45]. Cell cycle controls proliferation, 
differentiation, and apoptosis processes[46], with changes in the cell cycle phases being associated 
with cyto- and/or genotoxic effects observed upon exposure to different analytes as well as cellular 
transformation to a malignant phenotype[47].  
Cellular activity analyses at discrete time points using colorimetric detection based on 
WST-1 assay[21] showed that 24 h exposure to different concentrations of NDs did not induce 
significant effects on cell viability (Figure 3a), thus confirming previous studies[13, 48]. 
Complementary, cell cycle analyses performed by measuring the percentage of the DNA content 
showed that NDs exposure did not alter cell cycle progression nor interfered with cellular 
proliferation (Figure 3b). 
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 Figure 3: (a) Viability analysis following exposure to NDs for 24 h relative to 
control (unexposed) cells. (b) Cell cycle analysis following 24 h exposure to NDs. All 
differences were considered statistically significant for p* < 0.05.
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Discussion 
We used experimentally-validated multiscale modeling and a cell-based sensing platform 
to evaluate real-time uptake of detonation nanodiamonds (NDs). The consideration for NDs came 
from their potential applicability for the delivery of genes and drugs as resulted from their ease of 
biomolecular functionalization and slow release capabilities[5, 30]. Our multi-scale strategy 
involved first characterizing the physico-chemical properties of user-produced NDs, secondly 
validating their uptake in model cellular systems, and thirdly providing our hypothesis to explain 
their increased biocompatibility in such systems.   
Our analyses showed that even though a narrow size distribution for the synthesized NDs 
was recorded, upon their dispersion in cellular media their agglomeration state has changed. The 
change in the agglomeration state was presumably due to the attachment of the proteins present in 
the media onto their interfaces. Specifically, previous studies showed that the composition and size 
of such proteins could lead to protein corona formation, with the size of the corona being dependent 
on the concentration, the affinity, as well as the interaction of these proteins with the interfaces 
they are exposed to[49] [50].  
The detailed analysis of the interactions between the ND and a representative protein 
present in the media, namely BSA, showed non-specific binding of its amino acid residues onto 
the ND surface. Furthermore, the asymmetry of the protein sterically seemed to hinder the addition 
of other protein molecules in any of the exposed NDs pockets. As such, the remaining BSA surface 
area would presumably be available to facilitate the agglomeration of the NDs as evident from the 
experimental DLS data. In particular, using the value ratios of individual NDs and their average 
size with and without the protein corona, the packing density would be function of the dispersion 
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media, i.e. water or DMEM media respectively, with a smaller number of NDs being packed in 
the media presumably due to the formation of thin electric dipole layers of the protein corona that 
will affect the hydrodynamic diameter of the NDs[51].  
Our analysis showed that the majority of the NDs uptake occurred within the first 2 h of 
exposure, with cells subsequently reaching a “saturation” plateau. In particular, mathematical 
modeling of the fluorescent signal of cells exposed to NDs at concentrations above 200 µg/ml 
showed that uptake followed a 3-parameters exponential curve according to the following 
equation: 
𝐼(𝑡) =  𝐴[1 − 𝑒𝑘(𝑡𝑐−𝑡)],  
Where I (t) represents the mean fluorescence intensity at the particular time, A is the saturation 
value of mean fluorescence intensity, k is the rate constant, and tc is the lag in particle diffusion 
and targeting. The model also showed that about 95% of the NDs where internalized within the 
1.71 h of incubation (R2= 0.95) with such analysis being consistent with previously published 
results investigating NDs uptake in a serum-rich medium[52]. 
While a clear discrepancy was recorded in the literature on the uptake and induced cellular 
fate upon other carbon-based nanomaterials such as single walled (SW-), and multi-walled carbon 
nanotubes (MWCNTs), with the conflicting data being attributed to the differences in the 
preparation procedures, intrinsic purities and activities of such nanomaterials, our study confirms 
the high cellular biocompatibility observed upon NDs uptake[53]. Specifically, previous studies 
showed that NDs functionalized with O-containing groups (either -OH or -CO2H groups) might 
lead to complex membrane–particle interactions[54] and their nonspecific binding or clustering on 
the cationic sites of the plasma membrane, with subsequent endocytosis through a temperature-, 
energy-, and clathrin-dependent pathway[54-57]. The uptake of NDs is in contrast with both the 
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uptake of SW- and MWCNTs respectively shown to lead to membrane damage, association with 
cytoskeleton structures and increased disruption of cellular integrity and organelles upon their 
translocation[18, 58].  
Since our results showed that the NDs uptake did not change cell activity nor affect its 
cycle, we hypothesized that the observed biocompatibility is a result of minimal membrane 
damage induced upon their uptake. Our hypothesis takes into account the role of the cellular 
membrane to serve as a gate that regulates cell activity and structure through direct association 
with cellular organelles and cytoskeletal components. In particular, if the NDs would have had 
disrupted the membrane, such a disruption would have had resulted in “membrane pinches” 
possibly accompanied by cytoskeletal reorganization to affect the overall integrity of the cell and 
lead to apoptosis or necrosis [24, 34, 45]. Indeed, previous membrane passive penetration 
mechanisms were shown to affect cell fate leading to the formation of holes and a significant 
membrane disruption[59, 60]. In contrast, energy-dependent cellular uptake was not shown lead 
to such effects. 
To validate our hypothesis we performed additional coarse-grained (CG) computational 
analyses. Our results showed that the size of the NDs or induced conglomerates played a critical 
role in the internalization process, with the maxima and minima in their energy profiles providing 
direct evidence of the lack of membrane disruption. Specifically, the potential of mean force (PMF) 
profiles for the three representative sizes of NDs as demonstrated by the TEM analysis, showed 
that key features such as the distance between the center-of-mass (COM) of ND and membrane 
mid-plane was reduced. Further, we found that as the 3 nm NDs get closer to the cellular 
membrane, the uptake energy increases as less favorable interactions between the uncharged NDs 
and the negatively charged polar head groups of the lipid membrane would take place (Figure 4a). 
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However, past the lipid heads and as the NDs get embedded in the membrane, the hydrophobic 
lipid tails interact favorably to stabilize the individual particles leading to energies as high as 60 
kJ/mol. In contrast, the simulations showed that the 5 nm NDs had no minima when embedded in 
the lipid chains since the hydrophobic thickness of the membrane was smaller than the diameter 
of the ND (Figure 4b). A further increase in diameter to 7 nm respectively would have led to 
pronounced deformations of the membrane structure causing an increase of about 14-fold in the 
energy barrier relative to the 5 nm ND (Figure 4c). However, the lack of membrane fluctuations 
recorded by ECIS confirmed that there were no changes on the membrane integrity thus validating 
our above proposed hypothesis.  
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Figure 4: Coarse-grained (CG) computational analysis of the potential of mean force 
(PMF) profiles for the 3 nm (a), 5 nm (b) and 7 nm (c) NDs as function of the distance between 
the center-of-mass (COM) of NDs and membrane mid-plane. 
Snapshots further showed that if the uptake process would have occurred via only 
translocation a clear deformation in the cell membrane for the particles being investigated would 
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have been observed (Figure 5). The membrane recovery time would have correlated directly with 
the damage caused by the ND translocation, with the membrane lipid self-assembling into a stable 
bilayer within 50 ns of the simulations for both the 3 and 5 nm NDs while the rate constant of the 
translocation was appreciable resulting in a half-life of 1.4 h for the 5 nm diameter particle (Table 
1).  
 
Figure 5: Snapshots revealing the translocation of NDs with different diameter (i.e., 3, 5 and 7 
nm respectively) through the membrane lipid bilayer. The images showed the membrane 
disruption in response to the NDs.  
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Table 1: Calculated barrier heights, rate constants and half-lives for cellular uptake of NDs without 
BSA protein corona  
ND diameter 
(nm) 
Barrier height  
(kJ/mol) 
k  
(h−1), 
t1/2  
(h) 
3 60 ± 1 6.5 × 105 1.5× 10-6 
5 91 ± 3 4.9 × 10-1 1.4 
7 1250 ± 12 NA* NA* 
*NA-Not applicable. There appears to be a change in the cellular uptake mechanism for NDs with 
size greater than 5 nm. 
 
Our study demonstrates that the lack of membrane disruption can be recorded through 
multi-scale combinatorial, non-destructive and high throughput velocity analyses, all performed 
in real-time and in contrast with previously destructive cellular endpoint assays. By unraveling the 
cellular biocompatibility on the basis of limited membrane and cellular disruption the current study 
has the potential to advance the implementation of NDs for the next generation of nanovehicles 
used for drug or gene delivery. 
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Conclusions 
Our results correlate the free-energy barrier, half time and rate constant of NDs uptake with 
the average size of the NDs in order to explain their increased cellular biocompatibility.  
Furthermore, our discrete and real-time analyses of the cellular viability, proliferation and overall 
cellular behavior upon NDs uptake help explain the lack of membrane disruption and allow for 
high-throughput evaluation of the cell fate through meaningful combinatorial approach with 
potential to expand testing of other nanomaterial’s biocompatibility.  
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Supporting Information   
Chapter 2: Combinatorial Approaches to Evaluate Nanodiamonds Uptake 
and Induced Cellular Fate  
 
Materials and Methods 
Simulation setup of negatively charged nanodiamonds (NDs) 
To evaluate the uptake of NDs we used coarse-grained representation and the GROMACS 
software package (v4.5.5).  Atomistic models of NDs (3, 5, and 7 nm in diameter) were generated 
using the diamond lattice (with Fd3m space group and face-centered cubic lattice) in CrystalMaker 
software. The coarse-grained representation was developed using the MARTINI four-to-one 
mapping scheme. Coarse grained ND beads were given standard C1 bead type and a zero net 
surface charge. Subsequently, the ND was energy minimized and equilibrated with explicit 
MARTINI water (isobaric-isothermal ensemble at 300 K and 1 atm pressure).  
The coarse-grained lipid bilayer used for the analysis was made up of neutral 
distearoylphosphatidyl choline (DSPC) molecules and negatively charged distearoylphosphatidyl 
glycerol (DSPG) lipid molecules. The DSPC:DSPG ratio was maintained at a 3:1 ratio to resemble 
a net negative charge of mammalian cell membranes. The electroneutrality of the total system was 
achieved by adding the required number of sodium counterions as determined by the number of 
DSPG lipid molecules being available. The bilayer was allowed to self-assemble without any 
constraints in a user-designed simulation box with a typical size of 16.0 × 16.0 × 30 nm3. In all 
simulations the center-of-mass (COM) of the ND was placed 7.0 nm along the +z-axis above the 
lipid bilayer as the starting structure for the simulation; the entire simulation box was solvated with 
coarse-grained water beads of which 10% were anti-freeze type.  
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To mimic the experimental serum protein in medium, bovine serum albumin (PDB: 4F5S) 
protein was used in the simulations.  Bovine serum albumin (BSA) is one of the most extensively 
utilized proteins in laboratory experiments. High resolution (2.47 nm) BSA crystal structure was 
obtained from the protein data bank and coarse-grained using the available MARTINI scripts. The 
secondary structure of the protein and the bead assignment were based on standard MARTINI 
coarse grained methods. The interactions between coarse grained BSA and NDs of sizes 3, 5, and 
7 nm were investigated in three separate simulations, where ND surface beads were assigned Q0 
bead type with a fractional charge of -0.432 to mimic the experimental conditions and pH, whereas 
core beads were assigned a C1 bead type and a zero charge. In each case, the NDs were introduced 
in a well-equilibrated system of BSA molecules with explicit water and positively charged counter 
ions (Na+) at 300 K. The counter ions were added to maintain the electroneutrality of the 
simulation system because BSA is a negatively charged protein under the physiological conditions.  
Results and discussion 
Analyses of the interactions of negatively charged NDs with serum proteins were perfomed 
using grain-coarse model. For this, we used bovine serum albumin (BSA) as model protein, based 
on its high presence in the media supplemented with FBS. Analysis showed that when BSA 
interacts with negatively charged NDs, protein dense coronas are being formed instantaneously 
leading to the formation of a stable non-uniform monolayer of BSA molecules and an increase in 
the hydrodynamic radius of the NDs (Supporting Figure1). For instance, the snapshot of 3 nm ND 
showed a non-uniform protein corona being formed onto its surface, with 3 BSA molecules being 
adsorbed as blobs with pockets to lead to a complex with 11.2 ± 1.9 nm diameter. Similarly, NDs 
with 5 and 7 nm particle sizes lead to the formation of corona complexes that were around 14.1 ± 
1.5 and 17.1± 4.8 nm diameters, respectively. The recorded sizes are supporting the hypothesis 
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that the stoichiometry of the BSA-ND complex is sensitive to several physico-chemical properties 
that include NDs size, ND surface charge, protein-protein interactions, charge on the protein, as 
well as the pH of the medium. However, this variation in protein corona stoichiometry is minimal 
relative to the protein corona formed for the neutral particle and represents the result of the 
continuous physical exchange at ND interfaces to influence the overall charge density.  
Supporting Figure 1 
  
Snapshots of ND-BSA composite particles showing size measurements of individual NDs as 
well as ND-protein complexes. Colors: ND (gray); BSA (purple); positively charged counterions 
(orange). 
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Chapter 3 
 
Real Time Analysis of the Effects of Toxic, Therapeutic 
and Sub-therapeutic Concentrations of Digitoxin  
 
 
Abstract 
Digitoxin belongs to a naturally occurring class of cardiac glycosides (CG); digitoxin is 
clinically approved for heart failure and known for its anti-cancer effects against non-small lung 
cancer cells (NSCLC). However, concerns associated with its narrow therapeutic index and its 
concentration-dependent mechanism of action are rising. Thus, before digitoxin implementation 
in designing and developing safer and more effective CG-based anti-cancer therapies, its 
pharmacological and safety profiles need to be fully elucidated. In this research we used a 
combinatorial approach to evaluate the anti-cancer mechanisms of digitoxin in real-time. Our 
approach employed a non-invasive electric cell impedance sensing technique as a proxy to monitor 
NSCLC behavior post-exposure to toxic, therapeutic and sub-therapeutic concentrations of the 
drug. By developing structure-function combinatorial relations we showed that digitoxin targets 
cancer cells in a time and dose-dependant manner by activating proapoptotic and anti-proliferative 
signaling cascades that results in strengthening cellular adhesion and sequestration of key 
regulatory proliferation protein from the nucleus.  
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Introduction 
Digitoxin is a natural occurring cardiac glycoside (CG) [1] with a prolonged half-life, a 
well-established clinical profile, a narrow therapeutic window [1], and increased ability to readily 
cross both the blood brain and the placental barriers [2].  Laboratory investigations suggested that 
digitoxin exhibits high selectivity towards cancer cells when compared to healthy cells [1, 3] 
making the drug a viable chemotherapeutic alternative against several types of cancer from 
leukemia, to pancreatic and lung cancers [4, 5].  
The anti-cancer mechanisms induced by digitoxin have been extensively studied and are 
mainly associated with the drug's ability to manipulate intracellular ion homeostasis which led to 
a downstream signaling cascade eventually inducing apoptosis and cell cycle arrest [6]. In 
particular, in vitro studies showed that exposure of non small lung cells, renal, pancreatic and breast 
cells to micromolar concentrations of digitoxin (0.5-5µM) inhibits Na+/K+-ATPase pump activity 
[4, 7], induces calcium-dependent activation of caspases and other hydrolytic enzymes [1, 8], 
causes generation of reactive oxygen species [9], activates the cell-cycle inhibitor p21Cip1 [9], 
directs the inhibition of topoisomerase activity and hypoxia-inducible factor1a synthesis [10], and 
ultimately reduces viability and cell proliferation [1, 11]. Complementary, cellular exposure to 
nanomolar concentrations of digitoxin (10-100nM) leads to inhibition of (HIF-1) and 
topoisomerase II synthesis [9], activation of phospholipase C [1, 12], phosphatidylinositol-3-
Kinase (PI3K) [12], tyrosine kinase (Src) [1, 13], and mitogen-activated protein kinase (MAPK) 
[9], affects cell cycle and anoikis [14] inducing alternations in membrane fluidity [15, 16], 
ultimately leading to cell apoptosis [17]. However, the nature of these in vitro studies only allowed 
for discrete time points monitoring and limited analysis of the cellular functions upon exposure, 
all after invasive or destructive preparation of the samples, and labor intensive and time consuming 
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analysis.  Therefore, further studies are needed to better characterize the pharmacological and 
safety profiles of digitoxin before its chemotherapeutic implementation, especially considering 
that therapeutic concentrations of digitoxin varies according to the age and weight of the patient, 
generally ranging from 26-46nM [18]. Such studies do not only have to account for the narrow 
therapeutic window or drug’s dose-dependent and selective apoptosis of cancer cells [7, 15], but 
also need to allow monitoring of the cellular systems without lag time between sample collection 
and data analysis.  
Electric cell–substrate impedance sensing (ECIS) is a non-invasive and quantitative form 
of cell-based sensing that utilizes identical small gold-film electrodes deposited on the bottom of 
cell culture dishes to measure the cellular resistance and its alteration upon changes in cell 
morphology, spreading, attachment and migration [19, 20], all as a function of applied frequencies 
and in real-time [21, 22]. The applicability of ECIS was extended to inhibition assays for 
cytochalasin-D (cytoskeletal inhibitor) [23], prostaglandin E2 (inflammatory mediator) [24], 
bacterial protease [25], or platelet-activating factors that affect in cellular adhesion [26].  
By combining standard in vitro cell viability and cell-based cytotoxicity assays with ECIS, 
we aim to investigate the anti-proliferative and pro-apoptotic mechanisms of non-small lung 
cancer cells (NSCLC) exposed to different concentrations of digitoxin in real-time. NCI-H460 
cells were chosen as model NSCLC based on their sensitivity to digitoxin  [4, 27] and increased 
resistance to chemotherapy [28, 29]. We hypothesized that NCI-H460 exposure to toxic (80 nM), 
therapeutic (40 nM) and sub-therapeutic (25 and 10 nM) concentrations of digitoxin is associated 
with changes in the cellular viability that can be monitored using an individual cell as a primary 
transducer and recording its real-time alterations in morphology and adhesion profile. Further, 
based on the key role of the cyclin-dependent kinase-4 (CDK4) in regulation of cell proliferation 
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and cell cycle [30, 31], we hypothesized that exposure to digitoxin targets cellular adhesion 
pathways in a dose and time dependent manner by sequestering CDK4 in the cytoplasm and thus 
reducing its nuclear levels. Further, CDK4 association with viable candidates responsible for 
cellular junctions formation can be monitored in real-time as a change in the cellular attachment 
profile. Our findings underscore the potential of digitoxin to be used as the next generation of 
chemotherapeutic drugs that target cell adhesion and cell cycle profiles for improved anti-cancer 
activity. 
Material and Methods 
Cell culture and treatment   
Human lung cancer epithelial cells (NCI-H460; ATCC, VA) were cultured in Roswell Park 
Memorial Institute-1640 medium (RPMI-1640; Sigma Chemicals, MO) supplemented with 10% 
fetal bovine serum (FBS; Atlanta Biologicals,GA), 2 mM L-glutamine and 100-units/ml 
penicillin/streptomycin  (Sigma Chemicals, MO) and maintained in a humidified atmosphere at 
37ºC under 5% CO2. Cells were passaged regularly using 0.25% (w/v) trypsin (Molecular Probles, 
OR) with 1.5 mM ethylene diaminetetracetic acid (EDTA; Molecular Probes, OR). Stock 
concentrations of digitoxin (Sigma Chemicals, MO) were made in dimethyl sulfoxide (DMSO; 
Sigma Chemicals, MO) and diluted to 1000x exposure concentrations as previously described [6].  
Digitoxin exposure was performed in a medium containing 1% FBS, 2 mM L-glutamine and 100-
units/ml penicillin/streptomycin. The concentration of FBS was reduced due to existing concerns 
regarding digitoxin’s interaction with serum proteins [32] and to better approximate the minimum 
concentrations and times that were required to achieve drugs’ activity in vitro [6]. 
Apoptosis assay   
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Cells were seeded overnight in 12-well plates  (Fisher, PA) at 2x105 cell/mL and treated 
with 0, 10, 25, 40 and 80 nM digitoxin for 24, 48 and 72 h respectively.  After treatment, the cells 
were incubated with 10μg/ml Hoechst-33342 (Molecular Probes, OR) for 30 min. The percentage 
of cells having intensely condensed chromatin and/or fragmented nuclei was scored using 
fluorescence microscope (Leica Microsystems, IL). Approximately 1,000 nuclei from ten random 
fields were analyzed for each sample.  The apoptotic percentage was calculated as the percentage 
of cells with apoptotic nuclei over the total number of cells per field of view. 
Western blot analysis  
Cells were seeded overnight in 6-well plates at a density of 6x105 cell/well, and treated 
with 0, 10 or 25 nM digitoxin in 0.1% DMSO for 24 h. Subsequently, cells were placed on ice and 
lysed for 30 min in a lysis buffer containing 2% Triton X-100, 1% sodium dodecyle sulfate (SDS), 
100 mM Sodium Chloride (NaCl), 10 mM Tris-Hydrochloric acid (HCl), Complete Mini cocktail 
protease inhibitors (all reagents are purchased from Roche, IN) and 1  mM EDTA  insoluble 
cellular debris was pelleted by centrifugation at 4°C and 16,000 g.  The supernatant was collected 
and used to determine the total protein content using standard Bicinchoninnic acid assay (BCA, 
Thermo Scientific, IL). Briefly, working reagent was prepared according to the manufacturer 
instructions by mixing 50 parts of reagent A with 1 part of reagent B (reagents included with kit). 
Two μL of each sample was added to a 96-well plate and incubated with 200 μL of the working 
reagent at 37 oC for 30 min; experiments were performed in duplicate. Control calibration curve 
was prepared using serial dilutions of standard bovine serum albumin (BSA). Absorbance at 
562nm was recorded on a BioTek 96-plate reader (BioTek, Winooski, VT).  
 The supernatant was separated by a 10% SDS-PAGE gel and transferred to polyvinylidene 
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fluoride (PVDF) membranes using the iBlot® Dry Blotting System (Invitrogen, CA).  Membranes 
were blocked in 5% skim milk in Tris-buffered saline (TBST, 25  mM Tris–HCl, 125  mM NaCl, 
and 0.1% Tween-20; Sigma Chemicals,MO) for 1 h at room temperature, and subsequently 
incubated with anti-CDK4 primary antibody (Cell Signaling, MA) at 4 °C overnight.  The 
membranes were subsequently washed three times in phosphate buffer saline (PBS; Lonza, MD) 
containing 1% Tween-20 for 10 min each, incubated with horseradish peroxidase-conjugated 
secondary antibody (Cell Signaling, MA) for 1h at room temperature, then washed again for three 
more times each for 10 min in TBST. Finally, the samples were analyzed by chemiluminescence 
(Supersignal West Pico; IL). Band quantification via densitometry was performed using ImageJ 
software, version 10.2.  
Trypan-blue exclusion assay  
NCI-H460 cells were seeded overnight in 12-well plates at a density of 2x105 cell/mL, and 
treated with 0, 10, 25, 40 or 80 nM digitoxin for 24, 48, and 72 h respectively. Cells were 
subsequently washed with PBS, trypsinized (0.25%), suspended in 10% media and stained with 
0.4% trypan-blue (Invitrogen, CA) at 1:1 volume ratio and analyzed using Countess automated 
cell counter (Invitrogen, CA).  
Electric cell–substrate impedance sensing (ECIS) 
Real-time quantification of cellular behavior was conducted using an electric cell 
impedance sensing instrument (ECIS-ZΘ, Applied Biophysics, NY). In one set of experiments, 
two ECIS arrays (8W10E+), each containing 8-wells with 40 gold electrodes, were simultaneously 
employed to provide concomitant measurements of 16 samples at multiple frequencies. Prior to 
any experiment, the gold electrodes were stabilized for 3 h in 400 µl RPMI media to account for 
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electrode variances and to create a reference line associated with free electrodes; subsequently, the 
array holder was placed in a humidified incubator at 37 oC and 5% CO2 to provide optimal 
conditions for cellular growth. NCI-H460 cells were added at a density of 2x105 cell/mL in a 
volume of 400µl/well.  Cells were allowed to settle and grow over the gold electrodes and form a 
confluent monolayer for 24 h. The formation of the cellular monolayer was indicated as a 
settlement in the resistance value with minor fluctuation caused by cellular micromotion [19, 22, 
33]. Upon monolayer formation cells were treated with 0, 10, 25, 40 or 80 nM digitoxin and their 
cellular behavior was monitored for 48 h post-exposure.  
Statistical analysis 
Results are presented as mean ± standard deviation. Experiments (viability, apoptosis and 
Western blot) were performed in duplicates and repeated at least 3 times. ECIS experiments were 
performed in duplicates and repeated at least four times, for a total of minimum 8 replicates per 
dose. Changes in the behavior of the cells (i.e., resistance) were recorded every 180 sec for the 
duration of the experiments with each time point being an average of 16 replicates (2 arrays with 
8 wells each). Two-way analysis of variance and unpaired two-tailed Student’s t-test were 
performed using JMP 8.0 (SAS Institute) and SigmaPlot 10.0 (Systat Software Inc.). Results were 
considered significant for p*<0.05. 
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Results 
Digitoxin induced apoptosis in a time and dose-dependent manner 
To evaluate the effects of digitoxin on cellular apoptosis, confluent monolayers of human 
lung cancer (NCI-H460) cells were exposed to toxic, therapeutic and sub-therapeutic 
concentrations of digitoxin for 24, 48 and 72 h respectively. Visual inspection of the 24 h exposed 
cells showed minor differences in their nuclear morphology for the cells treated with 10 nM (5%) 
and 25 nM (15%) digitoxin when compared to the untreated cells (Figure 1A). In contrast, the 
nuclei of the cells treated with 40 and 80 nM digitoxin showed major changes (≥50%) in their 
morphologies, i.e., rounding, swelling, condensation and fragmentation. Such changes are 
considered early indicators of cellular apoptosis [34, 35]. 
The percentage of apoptotic cells at 24, 48 and 72 h post-exposure to toxic, therapeutic and 
sub-therapeutic concentrations of digitoxin is shown in Figure 1B. Analysis of variance showed 
that the NCI-H460 apoptosis  was both dose and time-dependent.  In particular, 24 h after exposure, 
the cells treated with 10 nM showed no significant changes in their apoptotic percentage; however, 
increased apoptosis was noticed after 48 and 72 h of digitoxin exposure. Cells exposed to 25, 40 
and 80 nM digitoxin exhibited higher apoptosis within first 24 h with a significant increase after 
48 and 72 h respectively. Values for the IC50 (half-inhibition concentration) derivated using a 
three-parameter sigmoid regression analysis were 43.4nM, to 36.6nM and 31.6nM at 24, 48 and 
72 h post-exposure respectively. 
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Figure 1: (a) Fluorescent images of Hoechst stained NCI-H460 cells 24 h post-exposure to 
digitoxin. Cells treated with 40 and 80 nM digitoxin showed major changes in their nuclei 
morphologies (white circles) relative to controls or cells treated with 10 and 25 nM digitoxin. (b) 
Percentage of apoptotic cells upon exposure to digitoxin is dose and time-dependent. Difference 
is considered significant for *p < 0.05. 
 
Digitoxin inhibited cellular proliferation 
To study the effects of toxic, therapeutic and sub-therapeutic concentrations of digitoxin 
on the NCI-H460 cell proliferation, a live cell exclusion assay was performed. The results showed 
that exposure to digitoxin caused inhibition of cellular proliferation in a dose and time-dependent 
manner (Figure 2A). Specifically, no differences relative to controls were noticed 24 h post-
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exposure the cells treated with 10 nM digitoxin; however, significant inhibitory effects were 
observed after 48 (18%) and 72 h (27%) respectively.  For the cells treated with 25, 40 and 80 nM 
digitoxin, the decrease in the live cell counts was significant within the first 24 h with 35%, 54% 
and 82% respectively. This subsequently increased to 43%, 70% and 99% after 48 h exposure and 
70%, 85% and 100% after 72 h respectively.   
 Since inhibition of cell proliferation was the major effect 24 h post-exposure to sub-
therapeutic concentrations of digitoxin, we also examined the expression of cyclin-dependent 
kinases-4 (CDK4), a key regulatory protein that controls cellular proliferation and cell cycle 
progression at the G1/S phase [30, 31]. Western blot analysis showed significant decrease in the 
expression of CDK4 after exposure to both 10 and 25 nM, with a 35% and 60% reduction in the 
CDK4 expression relative to expression of control -actin (Figure 2B, C).  
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Figure 2: (a) Live cell counts after 24, 48 and 72 h exposure to different concentrations of 
digitoxin. (b) Western blot analysis of CDK4 expression relative to control β-actin 24 h post-
exposure to digitoxin. (c) Quantification of CDK4 expression levels relative to β-actin. A 
significant difference is indicated for *p < 0.05. 
 
Real time cell monitoring using electric cell impedance sensing  
Real time analysis from the time of cell inoculation into the wells, to the formation of a 
confluent monolayer, and subsequently 48 h post-exposure to toxic, therapeutic and sub-
therapeutic concentrations of digitoxin were performed using electric cell impedance sensing 
(ECIS). Previous studies showed that cells immobilized onto gold electrodes have similar 
behaviors with their counterparts immobilized onto polystyrene surfaces [33, 36]. Figure 3A shows 
an eight well ECIS array with inter-finger-like arrangement and the current pathways contributing 
to the resistance measurements. Once the cells spread onto the gold electrodes, their insulating 
nature of the plasma membrane constricted the current flow in the spaces beneath the basal 
membrane and the electrode surface as well as in the para-cellular spaces between adjacent cells, 
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leading to the recorded resistance (Giaever and Keese 1991, 1993). Alpha is a function of the 
distance between the basal membrane and cellular radius according to the following equation: 
α= Rc (ρ/h) 0.5                      (1), 
where ρ represents the specific resistivity of the electrolyte (i.e., culture media) underneath the 
cells, h represents the distance at which the cells hover above the electrode, and Rc is the cellular 
radius.   
The changes in NCI-H460 resistance were mathematically fitted and are shown in Figure 
3B. The monolayer resistance value was normalized to the base level of the cell free electrodes at 
4 kHz operational frequency; data was collected every 180 sec (Supplementary information Figure 
S1). Region A reflects the changes in resistance from inoculation to the cells settling onto the 
electrodes and includes the lag period or the time required by the cells to overcome the disturbance 
caused by inoculation.  This region was fitted using a linear computational model [37, 38]. In 
particular, for t<2h 
   𝑅(𝑡) = 𝑎𝑡 + 𝑏        (2), 
where R(t) is the resistance value of the cells settled onto the electrodes, and a and b are parameters 
estimated using a least-square algorithm. Region B was directly associated with the cells ability to 
spread and form increased cell-cell contacts. The starting point for region B was determined by 
finding the theoretical point where the two mathematical models intercept (i.e., the linear model 
for region A and the exponential fit for region B). Specifically, for  t≥τ ,  
𝑅 (𝑡) = 𝑅1𝑒
kt      (3),  
where R1 and k are parameters estimated by the least-square algorithm and τ is the lag period. 
Using a Taylor’s series expansion of a first and second order, the lag period was found to be 1h 44 
min and 1h 46 min respectively for the NCI-H460 cells. Upon complete coverage of the gold 
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electrodes, cellular proliferation was hindered by contact inhibition shown in region C and 
modeled using a second order polynomial. Specifically,  
𝑅 (𝑡) = 𝑎𝑡2 + bt + c    (4),  
where R(t) is the resistance of cells the reaching the hindered growth and a, b and c are parameters 
estimated using the least-square algorithm. Finally, upon the complete formation of cell monolayer, 
the normalized resistance reached a plateau, i.e. region D.  
 Cell attachment and monolayer formation was further confirmed by evaluating the 
changes in α [19, 33, 39] (Figure 3C). An increase in α indicates a decrease in the distance between 
the gold electrode and the cell basal membrane (h). The results showed that the changes in α 
followed a similar trend to the changes in the cellular resistance, with no fluctuations being 
observed after complete formation of the cell monolayer.  
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Figure 3: (a) Schematic illustration of an ECIS array, with a demonstration of the ECIS current 
pathways accounting for the resistance measurements. (b) Representative real-time measurements 
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of the normalized resistance mathematically modeled according to the growth and spreading 
behavior of the NCI-H460 cells over the gold electrodes; the standard deviation is shown every 
two and a half hours and represents an average of 16 measurements (2 arrays with 8 wells each). 
(c) Real-time changes in α parameter. 
 
Twenty-four hours post inoculation, the confluent monolayer was exposed to toxic, 
therapeutic and sub-therapeutic concentrations of digitoxin. Figure 4A shows the representative 
normalized resistance of control (untreated) and cells treated with different concentrations of 
digitoxin as measured every 3 min for a total of 48 h. An initial increase in resistance with a slower 
rate for 10 and 25 nM (sub-therapeutic) and a higher rate for both 40 (therapeutic) and 80 nM 
(toxic) concentrations was recorded. Upon stabilization (~5h post-exposure), the resistance of the 
cells exposed to 10 and 25 nM digitoxin showed higher absolute values than the resistance of the 
controls. Further, the resistance values of the cells treated with 25 nM digitoxin had higher absolute 
values relative to the absolute values of the 10 nM treated cells. Similarly, the resistance of the 
cells treated with 40 and 80 nM digitoxin underwent drastic changes. Specifically, after an initial 
increase, a sharp drop was recorded at 5h for the cells exposed to toxic concentrations of digitoxin 
(i.e., 80 nM).  
A dramatic loss of cellular resistance was observed after about 10h of exposure and was 
indicative of an acute effect of digitoxin on the cell adhesion or membrane impedance. 
Complementary, after an initial increase in the resistance of the cells exposed to 40 nM digitoxin, 
a gradual resistance drop was recorded starting at 8h post-exposure. Further, 40 nM treated cells 
showed a smaller change in the resistance rate when compared to 80 nM digitoxin treated cells.  
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To correlate the observed apoptotic percentage with the real time analysis of the resistance 
post-exposure to 40 and 80 nM digitoxin, we investigated cellular attachment. Our results showed 
that cells treated with 40 and 80 nM digitoxin exhibited a significant drop in α after 5 and 9h of 
exposure respectively (Figure 4B). Our apoptotic data and previous experiments correlated such 
changes to the loss of cellular monolayer resulting from cell death and cell de-attachment [19, 40]. 
Contrary, cells exposed to 10 and 25 nM digitoxin showed a significant increase in α relative to 
controls, indicating a stimulation of their cellular attachment. 
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Figure 4: (a) Representative analysis of the real-time behavior of NCI-H460 cells following 
digitoxin exposure. (b) Changes in αparameter post-exposure to digitoxin in real-time; * signifies 
changes considered significant p < 0.05  
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Discussion  
We hypothesized that exposure to toxic, therapeutic and sub-therapeutic concentrations of 
digitoxin induces changes in NCI-H460 behavior that correlate with digitoxin’s pharmacological 
profiles and can be analyzed in real time. By combining standard cell viability and cell-based 
cytotoxicity assays, we showed that the percentage of apoptotic cells was both dose and time-
dependent, with significant increases in the apoptotic percentage for the cells exposed to 25, 40 
and 80 nM digitoxin and minor changes for the cells exposed to 10 nM relative to controls after 
24 h exposure. Further, our results showed a dose-dependent decrease in the expression of key cell 
cycle regulatory protein CDK4 relative to control -actin.  
By exploiting the naturally evolved sensitivity of the cells and by using the cell as a primary 
transducer, we recorded the changes in cellular behavior as real time changes in cellular resistance 
and adhesion post-exposure to toxic, therapeutic and sub-therapeutic concentrations of digitoxin 
[19, 37].  Our dynamic combinatorial analysis showed predominantly pro-apoptotic and anti-
proliferative effects upon treatment with toxic and therapeutic concentrations of digitoxin (i.e., 80 
and 40 nM) confirmed by a sharp drop in resistance. Complementary, the cells treated with sub-
therapeutic concentrations of digitoxin (i.e., 25 and 10 nM) showed a hindered proliferation rate 
and increased cellular adhesion. Changes in  were directly related to the restrictions in the AC 
current caused by changes in the distance between the basal membrane and the ECIS electrodes. 
Cellular detachment and reduction in  post-exposure to 80 and 40 nM digitoxin were correlated 
to changes in nuclear morphology, cellular proliferation and cytotoxicity. Digitoxin’s 
concentration-dependent changes illustrated the advantages of continuous monitoring provided by 
ECIS; in particular, the ECIS allowed for intermediate time events analysis identifying dramatic 
losses in cell resistance upon exposure to toxic concentrations of digitoxin and increases in the 
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resistance of the cells exposed to sub-therapeutic concentrations.  These differential cellular 
responses suggest the existence of threshold concentrations associated with either cellular 
mechanisms responsible for increased cellular adhesion or with a dose-dependent cellular 
inhibition coefficient profile of digitoxin.  
Exposure to CGs is known to cause G1/S or G2 arrests in cancer cells at sub-cytotoxic 
levels [41, 42].  Binding of nuclear CDK4 to cyclin D regulates retinoblastoma tumor suppressor 
(Rb) and E2F group expression that promotes G1/S phase transition [43, 44]. Thus, therapeutic 
targeting of CDK4 in cancer cells has been proposed as an effective approach for cancer therapy 
[45].  Based on the decrease in CDK4 expression and real-time increase in cellular resistance upon 
exposure to 10 and 25 nM digitoxin, we hypothesize that digitoxin targets cellular adhesion by 
changing the subcellular distribution of CDK4 [30, 31] (Figure 5). Our hypothesis is supported by 
previous studies that showed that reduction in the nuclear levels of CDK4 could result from CDK4 
sequestration in the cytoplasm and CDK4 association with ZONAB [46]. ZONAB is a Y-box 
transcription factor whose localization and transcriptional activity is regulated by the tight 
junction-associated candidate tumor suppressor and scaffolding protein zona occluding 1 (ZO-1) 
[47, 48].  
ZONAB binds to the Src homology 3 (SH3) binding domain of ZO1 at the cell periphery 
[49, 50] and helps regulate para-cellular permeability [47, 51] by its indirect participation in the 
formation of tight, adherent and gap junctions. ZO1 interaction with the cytoplasmic domain of 
occludins [52], junctional adhesion molecule [53] and claudins [54] regulates tight junction 
formation; additionally, ZO-1 interaction with E-cadherin [55] and nectine [51, 56] helps in the 
formation and maintenance of adherence junctions while ZO-1 interaction with gap junctions 
proteins [47, 57] regulates the formation of gap junctions. Given ZONAB’s unaffected levels of 
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expression upon cellular exposure to digitoxin (Supplementary information Figure S2), the 
propensity of ZONAB to bind to ZO1 and ZO-1’s structural role in the basal podosomes biogenesis 
[48], it is also reasonable to assume that exposure to digitoxin leads to increased podosome 
formation that could enhance cell adhesion. Increasing ZO-1/ZONAB binding at the cell periphery, 
and subsequently the decrease in the nuclear levels of CDK4 levels would explain both the slow 
proliferation observed for the NCI-H460 cells exposed to 10 nM digitoxin as well as their higher 
adhesion.  
 
Figure 5: Proposed cellular signaling pathways and regulatory effects between cellular 
proliferation and adhesion upon exposure to sub-therapeutic concentrations of digitoxin.  
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Strengthening adhesion following exposure to sub-therapeutic concentrations of digitoxin 
could potentially alter actin nucleation/branching and thus cytoskeleton dynamics [58]. Previous 
studies have shown that changes in adhesion and cell-cell contacts in neoplastic cells play a key 
role in cancer cell progression and metastasis regulation [59, 60]. Such changes can further result 
in enhancement or re-establishment of the normal cellular function of the epithelial cells as well 
as re-establishment of cell-to-cell junctions [61, 62].   
Our results thus provide new evidence of digitoxin’s potential role in regulating pro-
adhesion through enhancement of CDK4/ZONAB/ZO-1 signaling as one of the basic mechanisms 
for controlling its anti-neoplastic effects. Our results are likely to open new avenues in which the 
suppression of such a signaling pathway might be broadly applied for the next generation of 
systematic screening of natural compounds with anti-cancer capabilities. 
 
 Conclusions 
Our experimental approach intended to correlate the structural and morphological 
characteristics of cells exposed to digitoxin (as recorded by the ECIS system) with their functional 
and metabolic changes (as demonstrated using standard microscopy and cell biology assays). This 
correlation was made possible by the advantages of the ECIS system that allowed direct, 
continuously and noninvasively monitoring  of NCI-H460 behavior before and after exposure to 
digitoxin. Our combinatorial analysis showed that exposure to toxic, therapeutic and sub-
therapeutic concentrations of digitoxin targets cancer cells in a dose and time-dependent manner. 
Specifically, toxic and therapeutic concentrations activate anti-proliferative cellular mechanisms, 
whereas sub-therapeutic concentrations of digitoxin increase cellular adhesion. Sequestering 
CDK4 in the cell cytoplasm reduces cancer cell progression.  Understanding the underlying anti-
99 
 
neoplastic effects associated with exposure to digitoxin can expedite the potential implementation 
of this CG as a chemotherapeutic agent. 
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Chapter 2: Real Time Analysis of the Effects of Toxic, Therapeutic and Sub-
therapeutic Concentrations of Digitoxin on Lung Cancer Cells 
 
 
Materials and Methods 
Electric cell–substrate impedance sensing (ECIS) 
Real-time quantification of cellular behavior was conducted using an electric cell 
impedance sensing instrument (ECIS-ZΘ, Applied Biophysics, NY). In one set of experiments, 
two ECIS arrays (8W10E+), each containing 8-wells with 40 gold electrodes, were simultaneously 
employed to provide concomitant measurements of 16 samples at multiple frequencies. Prior to 
any experiment, the gold electrodes were stabilized for 3 h in 400 µl RPMI media to account for 
electrode variances and to create a reference line associated with free electrodes; subsequently, the 
array holder was placed in a humidified incubator at 37 oC and 5% CO2 to provide optimal 
conditions for cellular growth. NCI-H460 cells were added at a density of 2x105 cell/mL in a 
volume of 400µl/well.  Cells were allowed to settle and grow over the gold electrodes and form a 
confluent monolayer for 24 h. The formation of the cellular monolayer was indicated as a 
settlement in the resistance value with minor fluctuation caused by cellular micromotion. Upon 
monolayer formation cells were treated with 0, 10, 25, 40 or 80 nM digitoxin and their cellular 
behavior was monitored for 48 h post-exposure. 
 
Western Blot analysis of ZONAB 
Cells were seeded overnight in 6-well plates at a density of 6x105 cell/well, and treated 
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with 0, 10 or 25 nM digitoxin in 0.1% DMSO for 24 h. Subsequently, cells were placed on ice and 
lysed for 30 min in a lysis buffer containing 2% Triton X-100, 1% sodium dodecyle sulfate (SDS), 
100  mM Sodium Chloride (NaCl), 10 mM Tris-Hydrochloric acid (HCl), Complete Mini cocktail 
protease inhibitors (all reagents are purchased from Roche, IN) and 1 mM EDTA.  Insoluble 
cellular debris was pelleted by centrifugation at 4°C and 16,000g for 15 min.  The supernatant was 
collected and used to determine the total protein content using standard Bicinchoninnic acid assay 
(Thermo Scientific, IL). Briefly, working reagent was prepared according to the manufacturer 
instructions by mixing 50 parts of reagent A with 1 part of reagent B (reagents included with kit). 
Two μL of each sample was added to a 96-well plate and incubated with 200μL of the working 
reagent at 37oC for 30 min; experiments were performed in duplicate. Control calibration curves 
were prepared using serial dilutions of standard bovine serum albumin (BSA). Absorbance at 
562nm was recorded on a BioTek 96-plate reader (BioTek, Winooski, VT). The supernatant was 
separated by a 10% SDS-PAGE gel and transferred to polyvinylidene fluoride (PVDF)  membranes 
using the iBlot® Dry Blotting System (Invitrogen, CA).  Membranes were blocked in 5% skim 
milk in Tris-buffered saline (TBST, 25 mM Tris–HCl, 125 mM NaCl, and 0.1% Tween-20; Sigma 
Chemicals,MO) for 1h at room temperature, and subsequently incubated with anti-ZONAB 
primary antibody (Cell Signaling, MA) at 4°C overnight.  The membranes were subsequently 
washed three times in phosphate buffer saline (PBS; Lonza, MD) containing 1% Tween-20 for 10 
min each, incubated with horseradish peroxidase-conjugated secondary antibody (Cell Signaling, 
MA) for 1 h at room temperature, then washed again for three more times each for 10 min in TBST. 
Finally, the samples were analyzed by chemiluminescence (Supersignal West Pico; IL). Band 
quantification via densitometry was performed using ImageJ software, version 10.2. Cellular 
exposure to digitoxin did not lead to significant changes in the expression of the ZONAB 
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Results and Discussion 
 Figure S1 shows the representative behavior of the cells as recorded during the ECIS 
measurement; changes in the behavior of the cells (i.e., resistance) were recorded every 180 sec 
for the duration of the experiments.  Region A relates to the cellular settling and attachment (t<2 
h) and is comprised of more than 35 time points, each time point being an average of 16 replicates. 
Region B (log growth) and region C (hindered growth) are comprised of more than 60 points and 
75 points respectively, each point is the average of 16 replicates. Finally, region D (plateau) is 
comprised of more than 300 points each with 16 replicates. 
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Figure S1: Representative real-time measurements of the normalized resistance associated 
with the attachment and spreading behavior of the cells measured in real time (error bars are 
collected every 180 sec for the duration of the experiment).  
 
 
 Figure S2 shows quantification of the expression of ZONAB after 24 h exposure to 10 and 
25 nM of digitoxin. Results showed that digitoxin exposure did not affect the expression of 
ZONAB. 
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Figure S2: A) Western blot analysis showing  ZONAB expression relative to  β-actin 24 h post 
exposure to 10 and 25 nM Digitoxin. B) Quantification of ZONAB expression levels relative to β-
actin.  
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Towards elucidating the effects of purified
MWCNTs on human lung epithelial cells†‡
Chenbo Dong,§¶a Reem Eldawud,§¶a Linda M. Sargent,¶b Michael L. Kashon,¶b
David Lowry,¶b Yon Rojanasakul¶c and Cerasela Zoica Dinu¶*a
Toxicity of engineered nanomaterials is associated with their inherent properties, both physical and
chemical. Recent studies have shown that exposure to multi-walled carbon nanotubes (MWCNTs) pro-
motes tumors and tumor-associated pathologies and lead to carcinogenesis in model in vivo systems.
Herein, we examined the potential of purified MWCNTs used at occupationally relevant exposure doses for
particles not otherwise regulated to affect human lung epithelial cells. The uptake of the purified MWCNTs
was evaluated using fluorescence activated cell sorting (FACS), while the effects on cell fate were assessed
using a 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium salt colorimetric assay,
cell cycle and nanoindentation. Our results showed that exposure to MWCNTs reduced cell metabolic
activity and induced cell cycle arrest. Our analysis further emphasized that the MWCNTs-induced cellular
fate result from multiple types of interactions that could be analyzed by means of intracellular biomechani-
cal changes and are pivotal in understanding the underlying MWCNT-induced cell transformation.
1. Introduction
The aspect-ratio of multi-walled carbon nanotubes
(MWCNTs) and their ease of functionalization with drugs
and biomolecules were recently shown to increase their
cellular delivery for applications in diagnostics,1 drug
delivery2 and cancer therapies.3,4 Studies also showed that
dispersion stability and loading conditions could influence
MWCNT-induced therapeutic effects as well as the efficiency
of the loaded drug.5 However, such studies failed to reduce
the MWCNT-induced inflammatory effects6 or to resolve the
overall mechanisms of toxicity associated with MWCNT cellu-
lar uptake.7–10
Purification via strong acid oxidation was recently used as
a mean to increase nanotube dispersity and modify both
their chemical and physical properties.11 Strong acid oxida-
tion shortened the MWCNTs by cutting them at their defect
sites, removing impurities and inducing O-derivated func-
tionalities.12 Such purified MWCNTs had lower immunologi-
cal toxicity on BALB/c mice when compared to their impure
counterparts (i.e., MWCNTs containing Fe on their external
or internal walls).13 Complementary, shorter MWCNTs were
shown to illicit reduced inflammatory and toxicity responses
in the pleural cavity of the mice.14 Further, the exposure to
shorter and purified MWCNTs was shown to lead to changes in
the mechanical properties of epithelial cells,15 which were used
previously as models for nanomaterial toxicity assessment.8
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Nano impact
Our study showed that exposure of human lung epithelial cells (BEAS-2B) to multi-walled carbon nanotubes (MWCNTs) with user-defined chemical and
physical properties reduces the metabolic activity of mitochondria and induces cell cycle arrest. The analysis also demonstrated that the cellular changes
induced by such exposure could be analyzed by means of atomic force microscopy and nanoindentation, to help provide insights into the mechanisms of
toxicity and nanomaterial-induced cellular transformation.
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However, it is still subject to debate to what extent such puri-
fied forms of MWCNTs influence cell fate and what are the
resulting nanotube-induced cell transformations that could
lead to toxicity and cancer development. Failure to assess such
effects could potentially jeopardize the implementation of the
purified forms in MWCNT-based nanotherapeutics.16
By combining conventional biocellular and nanoindentation
assays,15 we proposed to unravel the cellular changes induced
by the exposure to purified MWCNTs, all as a function of the
nanomaterial physical and chemical properties. Since the
respiratory tract is the primary route of exposure by inhala-
tion,17 lung-derived BEAS-2B cells were considered a suitable
model system to evaluate MWCNT-induced cellular
changes8,15 with the exposure dose being determined by
extrapolation of in vivo studies mimicking human exposure
for 20 weeks at Occupational Safety and Health Administra-
tion (OSHA) permissible limits for particles not otherwise
regulated.8
2. Materials and methods
2.1 Multi-walled carbon nanotube (MWCNT) purification
MWCNTs (Nanolab Inc., 100 mg) were purified by
ultrasonication (Branson 2510, Fisher Scientific) in a strong
mixture of sulfuric (Fisher Scientific, 96.4%) and nitric
(Fisher Scientific, 69.5%) acids (volume ratio 3 : 1) for 1 h at a
temperature of about 23 °C. Afterwards, the mixture was
diluted in deionized water (DI water) and filtered through a
polycarbonate membrane (Fisher Scientific, GTTP 0.2 μm);
the process was repeated several times to remove acid
residues or impurities. Purified MWCNTs were collected on a
fresh GTTP filter, dried, and stored at room temperature.
2.2 MWCNT characterization
Fourier Transform Infrared Spectroscopy (FTIR, Digilab FTS
7000) equipped with a diamond Attenuated Total Reflection
(ATR) crystal was used to investigate the chemical properties
of pristine and purified MWCNTs. Scans ranging from 1000
to 4000 cm−1 were collected.
Morphology and elemental quantitative analyses of
pristine and purified MWCNTs (1 mg mL−1 sample on silica
wafer) were performed on a Hitachi S-4700 Field Emission
Scanning Electron Microscope (Hitachi High-Technologies
Corporation) containing an S-4700 detector combining
secondary (SE) and backscattered (BSE) electron detection
and operating at 20 KV. Energy Dispersive X-Ray Spectroscopy
(EDX) results are shown as weight percent of a given element
relative to the most dominant element present in the sample.
The average length distribution of the pristine and puri-
fied MWCNTs was evaluated using tapping mode Atomic
Force Microscopy (AFM) performed in air (Asylum Research,
AC240TS, 50 to 90 kHz). At least 3 scans of 10 μm × 10 μm
were acquired for each of the samples being analyzed and a
minimum of 30 individual MWCNTs were measured to
obtain an average length distribution.
2.3 Functionalization of MWCNTs with a fluorescent protein
Alexa 488-labeled Bovine Serum Albumin or Bovine Serum
Albumin (Alexa-BSA, or BSA, Invitrogen) were covalently attached
to purified MWCNTs using 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC, Acros Organics) and
N-hydroxysuccinimide (NHS, Pierce) chemistry.18 Briefly, 2 mg
of purified MWCNTs were dispersed in 160 mM EDC and
80 mM NHS (total volume of 2 mL in 2-(N-morpholino) ethane-
sulfonic acid sodium salt or MES, 50 mM, pH 4.7, (Sigma))
for 15 min at room temperature with shaking at 200 rpm.
EDC–NHS activated MWCNTs were subsequently filtered
through a GTTP filter membrane, washed thoroughly with MES
buffer, and immediately re-dispersed in 2 mL of 1 mg mL−1
protein solution in Phosphate Saline Buffer (PBS, Fisher),
100 mM, pH 7.4. The mixture was incubated for 3 h at room
temperature with shaking at 200 rpm. Upon incubation, the
resulting protein-based conjugates were filtered and washed
extensively with PBS to remove any unbound protein. The
supernatant and the first two washes were collected.
2.4 Protein loading
The amount of protein bound onto the purified MWCNTs
(i.e., protein loaded) was determined using a standard
bicinchoninic acid assay (BCA, Fisher).18 For this, the work-
ing reagent was prepared by mixing 50 parts of reagent A
(1000 μL), with 1 part of reagent B (50 μL) and subsequently
mixing 1000 μl of that working reagent with 50 μL of either the
collected supernatant or the two washes. The resulting solution
was gently vortexed and incubated in a water bath at 37 °C for
30 min. Afterwards, the absorbance values of all the samples
were recorded on a spectrophotometer (Evolution 300/600,
Thermo Fisher) using 562 nm as the reading wavelength.
Control calibration curves were prepared using serial dilutions
of a protein in the working buffer. The relative amount
of Alexa-BSA or BSA bound to the purified MWCNTs was
estimated from the difference between the amount of protein
initially added during the covalent incubation step and the
amount of the protein removed in the supernatant and two
washes as calculated by the BCA assay.
2.5 Dispersity analysis
The dispersity of MWCNTs or MWCNTs functionalized with
the proteins was tested both in DI water and in Dulbecco's
Modified Eagle Media (DMEM, Invitrogen) containing 10%
Fetal Bovine Serum (FBS, Invitrogen). For this, MWCNTs were
sonicated in the testing solution (for a final concentration of
5 mg mL−1) and subsequently centrifuged at 3000 rpm for
5 min. Part of the corresponding supernatant (0.8 mL) was
collected, filtered through a 0.2 μm GTTP filter membrane
and then dried under vacuum. The amount of MWCNTs
isolated on the filter was weighted and the dispersity was
determined relative to the starting amount and volume used
per individual sample.
Environmental Science: NanoPaper
Pu
bl
ish
ed
 o
n 
19
 A
ug
us
t 2
01
4.
 D
ow
nl
oa
de
d 
on
 1
4/
03
/2
01
6 
15
:5
7:
10
. 
View Article Online
Environ. Sci.: Nano, 2014, 1, 595–603 | 597This journal is © The Royal Society of Chemistry 2014
2.6 Cell culture
Immortalized human bronchial epithelial cells (BEAS-2B,
ATCC) were cultured in DMEM media containing 10% FBS,
0.1% L-glutamine and 1% penicillin/streptomycin (Invitrogen).
The cells were maintained in a humidified atmosphere at
37 °C and with 5% CO2; for passaging, a 0.25% trypsin
(Invitrogen) solution was used.
2.7 Fluorescence activated cell sorting (FACS)
BEAS-2B cells were seeded for 24 h in T75 flasks (Fisher) at a
density of 3.71 × 105 cells. Subsequently, the cells were
exposed to 24 μg cm−2 Alexa-BSA-MWCNT conjugates dis-
persed in fresh media by brief sonication. Control samples,
i.e., cells exposed to PBS, free Alexa-BSA at the equivalent
amount to the Alexa-BSA amount loaded onto the MWCNTs,
and cells exposed to unlabeled MWCNTs, were processed in
parallel. Upon 24 h incubation, the cells in each treatment
group were washed with PBS, trypsinized (0.25% trypsin/
EDTA, Fisher), suspended in DMEM containing 10% FBS and
centrifuged at 1200 rpm for 5 min to remove free proteins,
non-internalized, loosely bound nanotubes or conjugates.
Upon centrifugation the samples were washed with PBS, fixed
with 100 μL of 4% glutaraldehyde solution (Fisher) for
15 min at room temperature, and then extensively washed
with PBS to remove free glutaraldehyde.
The analyses were performed on a FACS Caliber flow
cytometer (Becton Dickinson). The forward scatter (FSC) and
the side scatter (SSC) were used to gate the samples to
exclude the cellular debris. The FITC signal for the BSA-based
conjugates was used at 488 nm excitation and 515 nm emis-
sion wavelengths. At least 30 000 events were recorded for
each sample and the data were analyzed and plotted using
the FlowJo v7.2.5 software.
2.8 Cell activity
BEAS-2B cells were seeded overnight at a density of 1.5 ×
104 cells into a 96-well plate (Fisher) and exposed for 24, 48
and 72 h to 24 μg cm−2 purified MWCNTs dispersed by brief
sonication in the culture media. Afterwards, 10 μl of tetrazo-
lium salt (i.e., 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium also known as WST-1, Roche),
was added to each well and the plate was incubated for 2 h
at room temperature. Changes in the color of the individual
wells were based on the cell ability to cleave the WST-1 salt to
formazan in the presence of the enzyme dehydrogenase and
were assessed using a BioTek 96 plate reader (BioTek) and
450 nm absorbance. The changes are reported as percentage
relative activity of exposed versus unexposed cells.
2.9 Cell cycle analysis
BEAS-2B cells were seeded overnight in 6 well plates (Fisher)
at a concentration of 3 × 105 cells/well, and exposed for 24 h
to 24 μg cm−2 purified MWCNTs dispersed in cellular media.
Following the exposure to MWCNTs, the cells were
trypsinized, collected, washed twice with PBS, centrifuged at
1500 rpm for 6 min and fixed overnight in 2 mL 70% ethanol
(Fisher) at −20 °C. Subsequently, the cells were washed again,
suspended in 0.2% Tween 20 (Sigma Chemicals) for 15 min,
treated with 10 μl 0.05% RNase for 15 min and stained with
30 μl propidium iodide (Sigma). Changes in DNA content
were determined using a BD LSR Fortessa Flow cell analyzer
(BD Biosciences), the BD FACS Diva (Verity Software
House) and FlowJo V10.0.7 (Tree Star Inc.) software. The
forward scatter (FSC) and the side scatter (SSC) were used to
gate the majority of the cell population; 20 000 events were
collected for each sample. The selection of the cells was
based on knowing that in the G0/G1 phase (before DNA
synthesis) cells have a defined amount of DNA (i.e., a diploid
chromosomal DNA content) and double that amount in
the G2 or M phase (G2/M, i.e., a tetraploid chromosomal
DNA content). Complementary, during the S phase (DNA
synthesis), cells contain between one to two DNA levels.
2.10 Cell nanomechanical changes analysis
BEAS-2B cells were seeded overnight in 50 mm × 9 mm paral-
lel culture Petri dishes (BD Biosciences) at a density of
1 × 105 cells per dish. The cells were exposed to 24 μg cm−2
purified MWCNTs for 24 h. MFP-3D-BIO AFM (Asylum
Research, TE2000-U) was used to evaluate the individual cell
Young modulus. The individual cells were selected using
optical microscopy and scanned in contact mode in liquid
using an Olympus TR400-PB cantilever; the spring constant
of the cantilever was measured before each experiment by
using a thermal tuning method.19 The trigger force was in
the nanonewtons range (i.e., 2.3–4.0 nN) while the fitting
percentage considered for the data analysis was 90%. The
analysis was based on the Sneddon's modification of the
Hertz model for a four-sided pyramid20,21 with the stiffness
being calculated knowing the indentation of the tip and the
Poisson's ratio of the cell (v = 0.5).21
2.11 Statistical analysis
For FTIR, the experiments were repeated at least three times
each with two replicates for a total of 6 replicates.
The statistical analyses for the biomechanical and cell
cycle experiments were performed with the SAS/STAT soft-
ware (v9.2) for Windows.
Two-way analysis of variance (ANOVA) and unpaired two-
tailed Student's t-test by SigmaPlot 10.0 (Systat Software Inc.)
were used to study the effects of the MWCNTs on the cellular
activity and the BSA loading. The experiments were repeated
at least three times each with three replicates for a total of
9 replicates.
Differences were considered significant for p* < 0.05.
3. Results and discussion
MWCNTs purification in a sulfuric–nitric acid mixture22 was
performed to eliminate possible catalyst precursors otherwise
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present during the nanotube synthesis.11 The physical and
chemical properties of pristine and purified MWCNT samples
were investigated using Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), Attenuated Total Reflection
Fourier Transform Infrared spectroscopy (ATR-FTIR), and
Energy Dispersive X-ray spectroscopy (EDX). SEM analysis
showed that the purification did not significantly change the
morphology of the MWCNTs (Fig. S1‡), while AFM analysis
showed that the average length of the purified MWCNTs
(792 ± 254 nm) was about 81% shorter than that of the
pristine MWCNTs (4261 ± 2354 nm; Table S1‡), which is
consistent with previous reports.11
Research has shown that shortening of the nanotube
leads to the formation of chemical groups such as COOH,23
OH,24 and CO12 at the nanotube defect sites. Our ATR-FTIR
analysis confirmed the presence of the O-containing func-
tional groups (Fig. 1a). The peak at 3370 cm−1 was attributed
to the O–H stretching vibration25 while the peak around
1670 cm−1 was associated with the CO stretching vibra-
tion.26 In addition, the small peak at around 1330 cm−1 was a
result of the O–H bending vibration,27 and the wide range of
the peaks between 1000–1250 cm−1 were associated with the
C–O stretching vibrations.28 The peak around 2000 cm−1 was
previously associated with MWCNT functionalization with
O-containing groups.29,30 The increase in O-containing func-
tional groups and the removal of metal catalysts were con-
firmed by EDX (Table S2‡), with the analysis showing a
decrease in the Fe and Cu contents for the purified MWCNTs
relative to their pristine counterparts.11
The dispersity of pristine, purified and protein-MWCNT
conjugates was also tested; well-dispersed MWCNTs are
required to eliminate mass transfer limitations when studying
the interactions of such nanomaterials with cellular
systems.31,32 Analysis showed that purified MWCNTs were
highly dispersed, especially in the DMEM media (Table S3‡),
presumably due to the: (1) formation of carboxylate anions,
and/or (2) their hydrodynamic size. For the first, the negative
charges or the carboxylate anions resulted upon nanotube
treatment could potentially lead to strong electrostatic repulsion
between the individual MWCNTs,33,34 while the presence of
proteins and amino acids in the media can aid the increased
dispersity.35 For the second, the shorter nanotubes (as shown
by AFM) have a smaller hydrodynamic radius and thus end-to-
end distances when compared to their pristine counterparts.36
Human bronchial respiratory epithelial cells (BEAS-2B)
were exposed to 24 μg cm−2 of purified MWCNTs covalently
functionalized with Alexa-BSA for 24 h; the uptake of fluores-
cently labeled MWCNTs was evaluated as a change in the
forward scatter (FSC) and the side scatter (SSC) of the
exposed cells by using a Fluorescence Assisted Cell Sorting
(FACS). Cells exposed to purified MWCNTs alone, cells
exposed to free Alexa-BSA, and unexposed cells were used as
controls. Fig. 1b shows a significantly higher signal for the
cells treated with Alexa-BSA-MWCNT conjugates relative to
all the control experiments. The higher signal was consis-
tent with the internationalization of the labeled MWCNTs,
with a relatively lower intensity observed for the cells
exposed to free Alexa-BSA, presumably due to the increased
Alexa-BSA susceptibility for proteasomal degradation upon
its uptake relatively to the more stable MWCNT-immobilized
Alexa-BSA.37–39
To investigate the cellular activity upon uptake of the
MWCNTs, the exposed cells were assessed using the WST-1
Fig. 1 (a) FTIR spectra of pristine MWCNTs and purified MWCNTs
(n = 6). (b) FITC intensities of control cells, purified MWCNTs, BEAS-2B
cells treated with Alexa-BSA and cells treated with Alexa-BSA-
MWCNTs conjugates (n = 9). (c) Changes in the activity (%) of the cells
exposed to 24 μg cm−2 purified MWCNTs. Changes are considered
significant for p* < 0.05.
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assay and the mitochondrial dehydrogenase activity was
measured (Fig. 1c). Mitochondria are relatively sensitive
organelles known to respond to cellular stresses caused by the
uptake of CNTs.40 WST-1 was preferred to the MTT assay due
to existing concerns regarding the CNT interaction with the
nonsoluble tetrazolium salt formed in the latter.41 Our results
showed a significant reduction in the cellular activity of
the cells exposed for 24, 48, and 72 h to the purified MWCNTs.
The reduction was presumably due to the internalized
MWCNTs initiating mitochondrion stress that could have led
to increased concentrations of cytoplasmic Ca2+ 42 and changes
in the mitochondrial permeability transition membrane pore
(MPTP) potential.43 Studies have shown that when MPTPs are
open, the cytochrome Ca2+ pro-apoptotic factor (located in
the inner membrane of the mitochondria) and Ca2+ diffuse
into the mitochondrial matrix and could trigger caspases-8, -9
and -3 signaling, eventually leading to cell apoptosis.42,44
Changes in the cellular activity observed upon the expo-
sure to purified MWCNTs were further translated into
changes in the cell cycle progression;45 Fig. 2 shows the cell
Fig. 2 Fluorescence Activated Cell Sorting (FACS) was used to evaluate the changes in cell cycle upon exposure to purified MWCNTs;
PI-stained BEAS-2B cells were used. (a) Forward scatter (FSC) and side scatter (SSC) 2D-plot showing a representative gating of the live cell
population. (b) Scatter plot selection of the single cells; representative gating. (c) Cell cycle analysis of the control cells and (d) the cells
exposed to purified MWCNTs.
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cycle arrest at the G1/S phase 24 h after the exposure. Spe-
cifically, gating of the cell population (Fig. 2a) or the single
cells (Fig. 2b) showed that the cells exposed to purified
MWCNTs had a statistically significant increase in G1 (gap)
phase (13 ± 5.35%) and a significant decrease in S (synthe-
sis) phase (25 ± 6.42%; Fig. 2d), both relative to controls
(p* < 0.05; Fig. 2c) (Table S4‡). The increase in the G1
phase could be associated with an extensive change in the
DNA content, cell volume, and/or increased synthesis of
mRNA and proteins.46 The change in the S phase could be
associated with a decrease of available cellular DNA47 based
on the known affinity of CNTs for nucleic acids.48 The
observed changes in the cell cycle progression could lead to
defects in DNA synthesis and chromosome segregation and
hint at the possibility of MWCNTs to induce genotoxicity,8
thus complementing previous reports showing CNT-induced
chromosomal damage,49 generation of reactive oxygen species
(ROS),50 or multipolar mitotic spindles.8,51
Changes in the cellular activity and cell cycle progression
were complemented by changes in the cell biomechanics
(Fig. 3). Previous studies have shown that changes in cellular
biomechanics with an increase in cell deformability correlate
with the progression of a cell to a transformed phenotype,
i.e., from a benign to a malignant one.52 Furthermore,
previous research has shown that AFM can be used to investi-
gate biomechanical properties of fixed cells treated with
MWCNTs15 or to identify cancer cells from a mixture with
normal cells,53 with reports showing that for an applied force
above 7 nN the elastic modulus of a single cell is relatively
independent of the tip indentation.54
The elastic modulus distributions of the control and
MWCNT-exposed live cells (both cell bodies and cell
nuclei) are shown in Table 1, with a typical example of a
force–indentation (F–Z) curve recorded at the nucleus region
shown in Fig. 3a. Compared to the control cells, the cells
exposed to purified MWCNTs showed less deformation,
suggesting a change in their elastic properties, especially at
their nuclear regions where the engaging of the AFM tip was
weaker than at the cell edges typically consisting of concen-
trated cytoskeleton fibers.55 The comparison between the
elastic modulus of the purified MWCNT-exposed live cells
and the control live cells showed a relatively narrow Young’s
modulus distribution for their nucleus regions (0–6 kPa)
and a much wider distribution for the whole cell bodies
(0–12 kPa); a higher elastic modulus (~20 kPa) was observed
at the cell periphery and was attributed to the effects
induced by the plastic substrate.56 Specifically, the average
Young’s moduli for the whole cell bodies were 2.72 ± 0.96
and 3.84 ± 1.12 kPa for control and exposed live cells, respec-
tively, while the average Young’s moduli at their nuclei
regions were 1.58 ± 0.67 and 2.20 ± 0.59 kPa, respectively
(Fig. 3b).
Based on the observed live cell changes, we propose that
the cellular uptake of the purified MWCNTs induces a series
of concurrent processes (i.e., changes in cellular activity and
biomechanical properties), which are functions of the
nanomaterial physical and chemical properties. Such changes
could possibly induce cytoskeletal filament reorganization
which could lead to increased cellular rigidity, and possible
inhibition and/or blockage of the intracellular biomolecular
transport or cell cycle progression (Fig. 4). Preliminary
research has shown that exposure to MWCNTs led to their
cellular integration either into the endosomal structures57 or
into the cytoskeletal filaments,51 and the formation of
hybrid-MWCNT filaments.8,15 Interestingly, the elastic moduli
for the control BEAS-2B cells were higher than previously
Fig. 3 (a) Schematic diagram of the force–indentation profile of
control cells and cells exposed to purified MWCNTs. The red curve
follows the approach of the tip to the plastic surface while the blue
curve follows the detachment of the tip from the surface. “*”
indicates the point at which the tip deflected from the surface to
allow the acquisition of the force–indentation measurement profile.
(b) Average Young’s modulus of the whole live cell and the nucleus
region of the control cells and live cells exposed to purified
MWCNTs for 24 h. All differences were considered statistically
significant for p* < 0.05.
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reported (~75%)55 presumably due to variation in the cell
culture58 or nanoindentation and working conditions.54 Our
data support recent evidence that relates the cytotoxic and
genotoxic effects of MWCNTs to both their physical and
chemical properties59 and suggests that the occupational
exposure to such nanomaterials needs to be fully assessed
before implementation in biomedical-related applications
is sought.
4. Conclusions
Our results showed that purified MWCNT exposure affects
the mitochondrial activity, cell biomechanical properties and
cell cycle progression in human lung epithelial cells. The
analysis further hints at a possible cytotoxic and genotoxic
synergism associated with the cellular exposure to MWCNTs,
which could potentially induce cell transformation and thus
cancer progression.
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Carbon nanotube uptake changes the
biomechanical properties of human lung
epithelial cells in a time-dependent manner†
Chenbo Dong,‡a Reem Eldawud,‡a Linda M. Sargent,b Michael L. Kashon,b
David Lowry,b Yon Rojanasakulc and Cerasela Zoica Dinu*a
The toxicity of engineered nanomaterials in biological systems depends on both the nanomaterial’s
properties and the exposure duration. Herein we used a multi-tier strategy to investigate the relationship
between user-characterized multi-walled carbon nanotubes (MWCNTs) exposure duration and their
induced biochemical and biomechanical effects on model human lung epithelial cells (BEAS-2B). Our
results showed that exposure to MWCNTs leads to time-dependent intracellular uptake and generation
of reactive oxygen species (ROS), along with time-dependent gradual changes in cellular biomechanical
properties. In particular, the amount of internalized MWCNTs followed a sigmoidal curve with the majority
of the MWCNTs being internalized within 6 h of exposure; further, the sigmoidal uptake correlated with the
changes in the oxidative levels and cellular biomechanical properties respectively. Our study provides new
insights into the time-dependent induced toxicity caused by exposure to occupationally relevant doses of
MWCNTs and could potentially help establish bases for early risk assessments of other nanomaterials’
toxicological profiles.
Introduction
The versatility in physical and chemical properties including high
strength to weight ratio,1–3 electrical4 and thermal conductivity5
make multi-walled carbon nanotubes (MWCNTs) attractive candi-
dates for applications in a wide variety of fields from electronic
devices,6 sports equipment,7 aerospace industry,8 to sensors9 and
composite materials.10 Recently, functionalization of MWCNTs
with amino acids,11 peptides,12 and other small biomolecules13
has been explored for biomedical and biotechnological appli-
cations in gene14 and drug delivery,15 bioimaging,16 and for
therapeutics.17 However, as the list of potential bio-related
applications increases, so do concerns regarding MWCNTs
potential to induce toxicity in biological systems.18
Studies showed that MWCNT interactions with biological
systems are dependent on the nanomaterial physico-chemical
properties, with MWCNT-induced toxicity being attributed to
variousmaterial’s characteristics including size,19 surface charge,20
and aggregation state.21 Studies also revealed that upon uptake
either through piercing22 or endocytosis,23 MWCNTs translocate
the cell altering its physiological properties and fate, by causing
cyto and genotoxicity. For instance, research showed that MWCNTs
cytoplasmic translocation resulted in reactive oxygen species (ROS)
generation24,25 and changes in cellular elasticity,26 with variations
in the cellular mechanical properties indicating cellular trans-
formation and potential for cancer development.26–28 Further
analysis showed that MWCNTs containing precursor metal cata-
lysts displayed a higher toxicity than their catalyst-free counter-
parts.29 Reduced toxicity was observed upon acid washing and
carboxylation of MWCNTs,30 with the diminished effects being
attributed to the nanotube shorter lengths and higher dispersity
resulted from acid cutting at the MWCNT defect sites, as well as
from grafting of O-related functionalities.31 For genotoxicity, uptake
of MWCNTs resulted in their initial accumulation in the cell
endosome;32 subsequent release in the cytoplasm led to MWCNT
interactions with cell nucleus,23 polyploidy,33 changes in chromo-
some numbers,34 and disruption of mitosis,35 just to name a few.
Based on these previous studies showing that MWCNTs
uptake and cellular translocation result in complex interactions
with cellular components, we now begin to understand how
exposure to nanotubes may be involved in the mechanisms
responsible of cancer initiation.36 However, predicting the time
of uptake in relation to the nanomaterial physico-chemical
a Department of Chemical Engineering, West Virginia University, Morgantown WV,
26506, USA. E-mail: cerasela-zoica.dinu@mail.wvu.edu
b National Institute for Occupational Safety and Health, Morgantown WV,
26505, USA
c Department of Basic Pharmaceutical Sciences, West Virginia University,
Morgantown WV, 26506, USA
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c5tb00179j
‡ Equally contributing authors.
Received 25th January 2015,
Accepted 8th April 2015
DOI: 10.1039/c5tb00179j
www.rsc.org/MaterialsB
Journal of
Materials Chemistry B
PAPER
Pu
bli
sh
ed
 on
 09
 A
pri
l 2
01
5. 
Do
wn
loa
de
d b
y F
ud
an
 U
niv
ers
ity
 on
 15
/05
/20
15
 17
:58
:16
. 
View Article Online
View Journal  | View Issue
3984 | J. Mater. Chem. B, 2015, 3, 3983--3992 This journal is©The Royal Society of Chemistry 2015
properties and its aggregation state, as well as predicting time-
dependent nanotube-induced cellular fate upon nanomaterial
internalization have been challenging. Further, the correlations
between early onsets of exposure and immediate cellular responses
are still lacking. Assessment of early exposure onsets are required
for preventing MWCNT-induced deleterious effects, to reduce the
risks for cell transformation or cancer development28,34,36 to thus
help contribute to the next generation of biomedical applications or
products based on these nanomaterials.37
The present study aimed to investigate the cellular effects
induced by short duration (1–12 h) exposure to occupational
relevant doses of MWCNTs as derived from recommendations
made by the Occupational Safety and Health Administration
(OSHA) for particles less than 5 mm in diameter.28 By using a
combination of analytical techniques relying on fluorescence
activated cell sorting (FACS), Atomic Force Microscopy (AFM)
nanoindentation and a versatile human lung epithelial cells
(BEAS-2B) model,26,28 we assessed MWCNT-induced cellular
changes and investigated how early cellular uptake and MWCNT
cytoplasmic accumulation lead to biomechanical and biochemical
cell transformations. We aimed to help explain cellular fate as well
as to advance the possibility to set norms for early onsets risk
assessment of this nanomaterial.
Materials and methods
Multi-walled carbon nanotubes (MWCNTs) washing
Commercial multi-walled carbon nanotubes (MWCNTs; 95% purity,
PD15L5-20, 10–20 nm in diameter, 1–5 mm in length) purchased
from Nanolab Inc. were washed in a mixture of 3 : 1 (v/v) concen-
trated sulfuric (96.4%, Fisher, USA) and nitric (69.5%, Fisher, USA)
acids using established protocols.31 Briefly, the MWCNT–acids
mixture was sonicated in an ice bath sonicator (Branson 2510,
Fisher, USA) at a temperature lower than 23 1C for 1 h. Subsequently,
the mixture was diluted in deionized (di) water (2 L), and filtered
through a GTTP 0.2 mmpolycarbonate filter membrane (Millipore,
Fisher, USA). The acid washed MWCNTs (simply called MWCNTs)
isolated on the filter membrane were subsequently redispersed in
di water; filtration cycles were repeated at least 3 other times to
remove acid traces and any released impurities or dissociated
catalysts. The nanotubes isolated on the filter membrane were
subsequently dried in a vacuum desiccator and stored at room
temperature until further use.
Characterization of MWCNTs
A combination of analytical techniques was employed to deter-
mine MWCNT physical and chemical properties. Briefly, energy
dispersive X-ray spectroscopy (EDX) was used to investigate the
elemental composition of the MWCNTs; the analysis was
performed on a Hitachi S-4700 field emission scanning electron
microscope (USA) combining secondary (SE) and backscattered
(BSE) electron detection, and operating in a single unit at 20 kV.
Dispersity of MWCNTs was evaluated by suspending MWCNT
samples in three different dispersing agents, i.e. di water, phos-
phate buffer (PBS, pH = 7.4, Invitrogen, USA) and Dulbecco’s
Modified Eagle Media (DMEM, Invitrogen, USA) with or without
10% fetal bovine serum (FBS, Invitrogen, USA). The corresponding
solutions (3 mgmL!1 of sample) were centrifuged at 3000 rpm for
5 min; subsequently, 0.8 mL of each of the supernatant was
removed and filtered through a 0.2 mm GTTP membrane. The
sample isolated on the filter membrane was dried under vacuum
and the amount of MWCNTs retained on the filter was weighed.
The sample dispersity was calculated in relation to the starting
volume and amount of dry MWCNTs on the filter membrane.
The length distribution of MWCNTs was evaluated using an
Atomic Force Microscope (AFM) with Si tips operating in air
and in tapping mode (Asylum Research, AC240TS, 50 to 90 kHz,
USA). The average length of the MWCNT samples was evaluated by
investigating the length of 30 individual MWCNTs from 3 areas,
each of 10 mm " 10 mm.
A Renishaw InVia Raman Spectrometer (CL532-100, 100 mW,
USA) was used to investigate MWCNT chemical structure. Briefly,
1 mg of sample was mounted onto clean glass substrates (Fisher,
USA) and irradiated using an argon ion (Ar+) laser beam operat-
ing at 514.5 nm and having a spot size below 0.01 mm2. To
reduce sample heating effects the exposure time was kept at 10 s;
the scan range was set between 100 and 3200 cm!1.
Generation of MWCNT-based conjugates
Alexa 488 bovine serum albumin 488 (Alexa-BSA; Sigma, USA)
was covalently immobilized onto MWCNTs using 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC, Acros
Organics, USA) and N-hydroxysuccinimide (NHS, Pierce, USA)
chemistry.31,38,39 Briefly, 2 mg of MWCNTs were dispersed
in 160 mM EDC and 80 mM NHS (total volume of 2 mL) in
(2-N-morpholino) ethanesulfonic acid sodium salt (MES buffer,
50 mM, pH 4.7, Sigma, USA) for 15 min at room temperature on
a bench shaker operating at 200 rpm. EDC/NHS activated
MWCNTs were subsequently filtered through a 0.2 mm GTTP
filter membrane, washed thoroughly with MES buffer to remove
ester residues, and immediately re-dispersed in 2mL of 1mgmL!1
Alexa-BSA solution in PBS, pH 7.4 for 3 h at room temperature
with shaking at 200 rpm. When the time elapsed, the resulting
Alexa-BSA–MWCNT conjugates were filtered and washed exten-
sively with PBS to remove any unbound protein. The super-
natant and the first two washes were collected to help quantify
the amount of protein washed out (i.e., amount of protein not
bound to the MWCNTs).
Protein loading onto MWCNTs
The amount of Alexa-BSA immobilized onto MWCNTs (i.e.,
loaded protein) was determined using standard colorimetric
bicinchoninic acid assay (BCA, Pierce, USA) and subtracting the
amount of protein washed out in the supernatant and the first
two washes from the amount of protein offered to the MWCNTs
during the initial incubation step. Briefly, the working reagent
was prepared by mixing 50 parts of reagent A (1000 mL), with
1 part of reagent B (20 mL). Next, 1000 mL of the working reagent
was mixed with 50 mL of the supernatant or the isolated washes.
The resulting solution was vortexed lightly and incubated in
a water bath at 37 1C for 30 min. Subsequently, the sample
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absorbance was monitored at 562 nm (Spectrophotometer,
Evolution 300/600, Thermo Fisher, USA) and compared to the
absorbance of known concentrations of free Alexa-BSA in PBS
mixed with the working buffer.
Emission efficiency of the loaded protein
The emission efficiency of the Alexa-BSA loaded onto theMWCNTs
surface was evaluated using a spectroscopical assay.38,40 Briefly,
the absorbance spectrum of 100 mg mL!1 of Alexa-BSA–MWCNT
conjugates was recorded relative to both the absorbance spectrum
of unlabeled MWCNTs (100 mg mL!1) and the absorbance spec-
trum of free Alexa-BSA at an amount equivalent to the amount
loaded onto the MWCNTs. The absorbance spectrum of immobi-
lized Alexa-BSA (excitation at 488 nm and emission at 515 nm) was
quantified by subtracting the values of the unlabeled MWCNTs
from the absorbance values of the Alexa-BSA–MWCNTs, with the
efficiency of emission being determined as the height of the
absorbance peaks of the bound protein relative to the height of
the peaks of free protein in solution.
Cell culture
Human bronchial epithelial cells (BEAS-2B, ATCC, USA) were
cultured in DMEM media supplemented with 10% FBS, 2 mM
L-glutamine and 100 units per mL penicillin/streptomycin
(reagents were purchased from Invitrogen, USA). Cells were
passaged regularly using 0.25% (w/v) trypsin (Invitrogen, USA)
with 1.5 mM EDTA (Molecular Probes, USA) and maintained in
a humidified atmosphere at 37 1C and under 5% CO2.
Fluorescence activated cell sorting (FACS) analysis
Cells in DMEM media with 10% FBS were seeded in T75 flasks
(Fisher, USA) for 24 h at a density of 3.71 " 105 cells and
subsequently treated with 24 mg cm!2 Alexa-BSA–MWCNT conju-
gates or unlabeled MWCNTs, each dispersed using a brief bath
sonication (5 s in 1 s increments) in fresh media. Cellular
exposure was performed for different time periods, i.e., 1, 3, 6
or 12 h respectively; control samples of untreated cells or cells
exposed to free Alexa-BSA at an equivalent amount to the amount
loaded onto the MWCNTs were also performed.
For uptake analysis, cells were washed with fresh PBS,
collected using 0.25% trypsin, suspended in DMEM with 10%
FBS and centrifuged at 1200 for 5 min to remove non-
internalized or loosely bound Alexa-BSA–MWCNT conjugates,
free MWCNTs or free Alexa-BSA in solution respectively. Sub-
sequently the samples were washed with PBS, pelleted, and
incubated at room temperature for 15 min in 100 mL of glutar-
aldehyde solution (4%, Sigma, USA). Upon incubation, the
samples were washed again with PBS and analyzed using a
FACS Caliber flow cytometer (Becton Dickinson, USA). The
forward scatter (FSC) and side scatter (SSC) were adjusted using
control cells to lay in a range of 0–1000; gating included
the majority of the live cell population. FITC signal for the
Alexa-BSA or derivate MWCNT-based conjugates used excita-
tion at 488 nm and emission at 515 nm. At least 10 000 events
were contained in the gated area and data was analyzed and
plotted using Flow Jo v7.2.5 software.
Reactive oxygen species (ROS) evaluation
Intracellular ROS generation was determined using the oxidation-
sensitive fluorescent probe 20,70-dichlorofluorescein diacetate
(DCF-DA; Sigma, USA). Upon formation of ROS, cellular esterase
hydrolyzes DCF-DA to the highly fluorescent 20,70-dichloro-
fluorescein (DCF).41 Briefly, BEAS-2B cells were seeded overnight
in a 96-well plate (Corning, USA) at a density of 1.5 " 104 cell per
well, and incubated with 5 mM DCF-DA at 37 1C for 30 min.
Subsequently, the cells were treated with 24 mg cm!2 MWCNTs
suspended in Hank’s balanced salt solution (HBSS; Life
Technologies, USA) for different time periods. Control samples
of unexposed cells or cells exposed to pristine MWCNTs were also
investigated. Quantification of the intracellular levels of ROS was
performed using a multi-well plate reader (FLUOstar OPTIMA,
BMG LABTECH Inc., USA) and evaluating the DCF fluorescence
at 485 nm excitation and 520 nm emission respectively.
Biomechanical analysis
Cells were seeded at a density of 105 cells in 50 mm " 9 mm
Petri dishes (BD Biosciences, USA) and exposed to 24 mg cm!2
of MWCNTs for 1, 3, 6 or 12 h, respectively. The exposed cells
were washed twice with PBS (5 min for each washing step) and
fixed with 4% glutaraldehyde solution for 30 min. Three addi-
tional washing steps were performed to remove free glutaralde-
hyde; the Petri dishes were subsequently filled with PBS and used
for elasticity analysis. Elastic modulus analysis of the BEAS-2B
cells exposed to MWCNTs or of the unexposed control cells were
performed using an AFM integrated with an inverted fluores-
cence microscope (MFP-3D-BIO AFM, Asylum Research, USA).
The nanomechanical properties of control cells and cells exposed
to MWCNTs were evaluated using Sneddon’s modification of
the Hertz model developed for a four-sided pyramid.42–44 Force-
displacement curves acquired during elastic mapping were
converted into force-indentation curves45 based on the assump-
tion that the indentation depth of the sample is extremely thick.46
The cells elasticity (Young modulus) was evaluated knowing the
indentation of the tip, d, the Poisson’s ratio n for the cell (0.544)
and the opening angle of the tip, i.e., a = 361. The cantilever was
calibrated against a plastic substrate and its exact spring con-
stant was determined using thermal tuning method prior every
experiment.47 The trigger force was in the nanonewtons range
(i.e., 2.8–4.6 nN) and the fitting percentage used for all experi-
ments analysis was 90%.
Statistical analysis
Alexa-BSA loading onto the MWCNTs and Alexa-BSA function-
ality analysis were repeated six times. FACS experiments were
performed in triplicates and repeated three times. The triplicate
samples were averaged to provide three independent replications.
ROS experiments were performed for four independent replicates
and repeated three times for a total of minimum 12 samples per
each time point. All results are presented as mean # standard
deviation. Two-way analysis of variance (ANOVA) and unpaired
two-tailed Student’s T-test were performed using JMP 8.0 (SAS
Institute, USA) and Sigma Plot 10.0 (Systat Software Inc., USA).
Journal of Materials Chemistry B Paper
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The elasticity experiments were performed using a complete
randomized block design with each block containing two cell
culture dishes; three independent blocks were run for each one
of the experimental onsets being investigated. For each culture,
six individual randomly selected cells were examined for the
biomechanical analysis and averaged into a single value as cells
from the same culture are not independent. The variables were
analyzed using the proc mixed procedure in SAS/Stat for Windows
(SAS) with experimental block modeled as a random effect.
All differences were considered statistically significant for
p* o0.05.
Results and discussion
Amulti-tier strategy was used to investigate the cellular responses
to differential uptake of user-characterized multi-walled carbon
nanotubes (MWCNTs). The strategy involved time-controlled
exposures of model human lung epithelial cells (BEAS-2B)26,28
to occupationally relevant doses of 24 mg cm!2 of MWCNTs with
user-characterized physical and chemical properties. The expo-
sure dose chosen for this investigation was based on previous
recommendations made by the Occupational Safety and Health
Administration (OSHA) for particles less than 5 mm in diameter;28
the dose corresponds to human work space exposure of 8 years at
5 mg m!3 and was extrapolated from in vivo CNT exposure data
normalized to alveolar surface area of mice lungs.28,34,48 The
proposed multi-tier strategy is aimed to help identify the early
exposure onsets-induced cellular fate and potential deleterious
effects of MWCNTs thus further our understanding of nanotube-
induced toxicity.
The physical and chemical properties of MWCNTs were
determined using energy dispersive X-ray spectroscopy (EDX)
for elemental composition and Atomic Force Microscopy (AFM)
for nanotubes length. Previous studies have shown that the
presence of high contents of metal impurities (e.g., Fe and Ni)
in nanotubes could induce mitochondrial membrane damage,
generation of reactive oxygen species (ROS), loss in intracellular
low molecular weight thiols (GSH) and accumulation of lipid
hydroperoxides macrophages.36,37,49 Our analysis revealed that
the MWCNTs used in this study had minimum traces of Fe and
Cu catalysts (combined, only about 1.50 wt%), with the domi-
nant element being carbon (C, 90.25 wt%; Table S1, ESI†). The
presence of oxygen (O, 7.56 wt%) in the sample was presumably
due the washing of the pristine (as purchased) MWCNTs in the
mixture of sulfuric and nitric acids known to graft O-related
functional groups.31 Such grafting was further responsible for
the observed increased dispersity of the nanotubes in different
media, all relative to their pristine counterparts (Table S2, ESI†).
Lastly, B75% of nanotube shortening was observed by AFM
analysis (i.e., 1040 # 553 nm from 4261 # 2354 nm respectively)
confirming previous reports (Table S3, ESI†).26,50
Fluorescence activated cell sorting (FACS) was used to evaluate
the uptake of the user-characterized MWCNTs.36,51 For this
MWCNTs were covalently functionalized with 488 Alexa bovine
serum albumin (Alexa-BSA) using the O-related functional groups
grafted upon acid treatment and a zero-length chemistry;52
covalent immobilization of the Alexa-BSA ensured stable protein
binding thus eliminating concerns associated with possible
protein removal during MWCNTs sonication in cellular media.
Alexa-BSA labeling was the preferred method to facilitate FACS
analysis of MWCNTs uptake since previous studies showed that
the protein does not significantly change the internalization
conditions of the nanotubes, with in vitro studies assessing and
comparing cellular-induced fate upon exposure to both labeled or
unlabeled nanotubes present in media enriched with free amino
acids, nutrition factors and BSA.53,54
Our loading analysis showed that the amount of Alexa-BSA
immobilized onto the MWCNTs was 0.22 # 0.06 mg protein
per mg MWCNTs, which is comparable to previous published
reports.55–57 Our dispersity analysis (Table S2, ESI†) comparing
labeled and unlabeled MWCNTs dispersed in cellular media
(the cellular media contains free protein and amino acids, with
a minimum of 1 mg mL!1 glucose, 7.6 mg mL!1 proteins and
4.6 mgmL!1 albumins respectively58,59) did not reveal significant
changes in the sample dispersity, all relative to control buffer
systems, while spectroscopy analysis confirmed that the immo-
bilized Alexa-BSA retained its functionality. In particular, the
efficiency of fluorescence emission of the immobilized protein
relative to the free protein in solution at the same amount was
34 # 9% (Fig. 1a); the reduced efficiency was presumably due to
the protein deformation and quenching at the nanotube inter-
face.38,39 Raman spectroscopy also confirmed protein immobi-
lization as a change in the ID/IG ratio of Alexa-BSA–MWCNTs
(0.967) relative to MWCNTs alone (0.799) (Fig. 1b and Table S4,
ESI†) where the ID/IG represents the degree of disorder in the
C-based structure with the G band being related to the presence
of sp2 species60 and the D band being associated with defects
and non-crystalline species.61
The change in the fluorescence intensity of the cells exposed to
Alexa-BSA–MWCNT conjugates relative to controls (i.e., unexposed
cells, cells exposed to the same amount of free Alexa-BSA as the
amount additionally loaded onto the nanotubes, or cells exposed
to MWCNTs) as recorded by FACS is shown in Fig. 2. The analysis
showed that within the first hour of exposure (Fig. 2a), the uptake
of Alexa-BSA–MWCNTs was relatively slow and did not result in
significant changes in the FITC signal of the exposed cells relative
to their controls. A higher FITC signal was however observed upon
cellular uptake of the free Alexa-BSA; this was presumably
associated with the free protein’s ability to cross the cellular
membrane more efficiently than its MWCNT-immobilized
counterpart.62 Analysis also showed that longer exposure time
led to a gradual increase in the FITC signal of the cells exposed to
Alexa-BSA–MWCNT conjugates and free Alexa-BSA respectively,
both relative to unexposed cells or cells exposed to MWCNTs
(Fig. 2a). Specifically, after 3 h of exposure there was a 55%
increase in the FITC signal of the cells exposed to Alexa-BSA–
MWCNTs relative to unexposed cells, a 19% increase relative
to cells exposed to unlabeled MWCNTs, and a 12% increase
relative to cells exposed to free Alexa-BSA. Similarly, after 6 h of
exposure, the FITC signal of the cells exposed to Alexa-BSA–
MWCNTs showed a 92%, 50%, and 20% change relative to the
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FITC signal of the unexposed cells, cells exposed to unlabeled
MWCNTs, or cells exposed to free Alexa-BSA respectively.
Finally, after 12 h exposure the FITC signal of the cells exposed
to Alexa-BSA–MWCNTs was about 100% higher than that of the
unexposed cells and cells exposed to unlabeled MWCNTs res-
pectively, and only slightly higher (not statistically significant)
than that of the cells exposed to free Alexa-BSA.
The lower FITC signal observed for the cells exposed to free
Alexa-BSA relative to the cells exposed to the Alexa-BSA–MWCNT
conjugates is presumably due to increased free protein suscepti-
bility for proteosomal degradation63 relative to its immobilized
counterpart known to have increased stability upon immobilization
at the MWCNTs interface.38 Although the signal of cells exposed to
unlabeled MWCNTs did not yield significant differences relative to
unexposed cells at all the time points being investigated, it seemed
to have gradually increased with the exposure duration up to 6 h
only to return to its baseline after 12 h. Such trend is presumably
associated with increased MWCNTs intracellular translocation,
association and co-localization with cellular elements35,64 that will
interfere with the intrinsic fluorescence of the MWCNTs to thus
lead to the observed change in intensity.36,65,66
Fig. 2b shows the comparative cross-analysis of the normalized
fluorescent intensity of the cells exposed to Alexa-BSA–MWCNT
conjugates relative to unexposed cells, all as a function of the
exposure time. The analysis showed that the uptake of Alexa-BSA–
MWCNT conjugates followed a three parameter sigmoid curve
and increased with the exposure time. Specifically, within the
Fig. 1 (a) UV-Vis spectra of free Alexa-BSA and immobilized Alexa-BSA.
The spectrum of the immobilized Alexa-BSA was obtained by subtracting
the absorbance values of the MWCNTs from the ones of the Alexa-BSA–
MWCNT conjugates both shown in the inset. (b) Raman spectra of free
Alexa-BSA, MWCNTs and Alexa-BSA–MWCNT conjugates.
Fig. 2 (a) Normalized FITC signal of control cells, cells exposed to MWCNTs
(24 mg cm!2), cells exposed to free Alexa-BSA, and cells exposed to Alex-
BSA–MWCNT conjugates respectively at different time points. FITC signal
for the Alexa-BSA or MWCNT-based conjugates was recorded using
excitation at 488 nm and emission at 515 nm; at least 10000 events were
contained and analyzed in the gated area. (b) Comparative cross-analysis
of normalized FITC signal of cells treated with Alexa-BSA–MWCNT conju-
gates at different time points. All differences were considered statistically
significant for p* o 0.05.
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first hour of exposure there was a 15% increase in the fluores-
cent intensity, while between 1 and 3 h of exposure the fluores-
cent intensity of cells exposed to the conjugates increased by 39%
accounting for a total increase of B54% in 3 h time frame, all
relative to the intensity of unexposed control cells. Furthermore,
between 3 and 6 h of exposure there was an additional 37%
increase in the fluorescence intensity, while between 6 and 12 h
the increase in intensity was less evident. These results are in
agreement with previous reports that showed that the highest
increase in CNTs cellular uptake and internalization occurs
within 3 h from initial cellular exposure.32,67
We correlated the differential, time-dependent uptake as
recorded by FACS with the intracellular oxidative species (ROS)
generation using 20,70-dichlorofluorescein diacetate (DCF-DA)
fluorescence probe.68 Our aim was to determine whether the
observed time-dependent, differential uptake leads to a gradual
formation and accumulation of ROS; the interest in ROS is
driven by the current research which shows that superoxide
(O2!), hydroxyl radical (OH!), and nonradical derivatives of
O such as hydrogen peroxide (H2O2) accelerate cell death by
damaging cellular components including DNA, proteins, and
lipid membranes.69–72 ROS generation following MWCNTs expo-
sure was previously shown to lead to changes in the mitochondrial
potential and apoptosis signaling activation,71,73 with ROS genera-
tion depending of acellular factors such as particle surface, size,
composition and/or being due to cellular responses resulting from
MWCNT–cell interactions.
Our ROS analysis complemented FACS results and showed
increased levels in the amount of ROS generated following 1,
3 and 6 h exposure to MWCNTs and decreased levels similar to
those of controls after 12 h of exposure (Fig. 3). The significant
increase in the ROS after 1 h exposure is associated with the
high sensitivity of the DCF-DA fluorescent probe which can
record O2, OH
!, or H2O2 at very low concentrations even after a
reduced uptake of the nanotubes; this is in contrast with the FACS
sensitivity which requires higher FITC signal for detection.74 The
drop after 12 h of exposure is presumably associated either with
the regulations in the intracellular glutathione (GSH), a major
antioxidant that protects cells from oxidative stress75 or the
quenching effects of the internalized MWCNTs.76 In particular,
prolonged MWCNTs exposure could lead to a gradual accumu-
lation of GSH which will eventually balance the cellular ROS
oxidative levels.77,78 Complementary, intracellular accumulation
of MWCNTs could lead to quenching of the cell-derived radicals
by scavenging of the O-centered molecules (i.e., HO! and O3
+).79
Controlled experiments of the ROS levels of the cells exposed to
purified MWCNTs relative to pristine counterparts are also
shown (ESI,† Fig. S1). Results showed that the ROS levels for
the cells exposed to pristine MWCNTs followed a similar trend to
that of the cells exposed to their purified counterparts. The ROS
levels for the cells exposed to pristine MWCNTs was significantly
higher than that of control cells within the first hour of exposure,
reached a maximum value after approximately 8 h of exposure
and eventually decreased with time remaining yet significantly
higher than controls even after longer exposure duration
(i.e., 12 h). Cross-comparison of the ROS levels between the cells
exposed to pristine and purified MWCNTs respectively, showed
that the pristine samples induced significantly higher ROS levels
relative to their purified counterparts, for all time points being
investigated. This observation is presumably associated either with
the larger aspect-ratio of the pristine MWCNTs (as confirmed by
AFM), their increased levels of metal impurities, (i.e., Fe;49,73,80,81
as confirmed by our EDX analysis), and/or lower dispersity (see
dispersity analysis; Table S2, ESI†).
Based on these results which showed both differential, time-
dependent uptake and intracellular ROS generation upon cells
exposure to MWCNT, we hypothesize that MWCNTs accumula-
tion in the cell leads to changes in cellular biomechanics, all in
a time-dependent manner. Our hypothesis is supported by
previous studies which showed that cells exposed to Fe-based
nanoparticles generate ROS which induce changes in cell
cytoskeleton and mechanical properties82 as well as our own
previous studies which showed that exposure to MWCNTs for a
determined time frame of 24 h induce changes in cellular
biomechanics and nanotubes localization at the cell nucleus.26
The degree of cellular biomechanical changes upon 1, 3, 6 or
12 h of cellular exposure to MWCNTs were investigated using
AFM and nanoindentation.26 Specifically, micro-scale cellular
stiffness was assessed from the bending of the AFM cantilever
upon tip indentation in response to a known applied force;
fitting the force-indentation curve to the Hertz model provided
quantitative measurements of both the cell body as well as cell
nucleus as based on the interactions between the AFM tip and
the cell.36 In particular, nuclear regions are known to lead to
weaker engaging of the AFM tip relative to the cell edges. This is
due to the less concentrated cytoskeleton fibers present at the
nuclear region as well as the higher height of the nucleus
relative to the cell edges.36,83
Fig. 3 Quantification of the intracellular levels of reactive oxygen species
(ROS) generated upon exposure of BEAS-2B cells to 24 mg cm!2 MWCNTs.
Intracellular ROS generation was determined using the oxidation-sensitive
fluorescent probe 20,70-dichlorofluorescein diacetate and measuring the
fluorescent intensity of control and MWCNTs exposed cells at 485 excita-
tion and 520 emission. Results are considered significant for p* o 0.05.
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Analysis of the BEAS-2B cells exposed to MWCNTs for 1, 3, 6
or 12 h and fixed with glutaraldehyde is shown in Fig. 4; the
fixation was chosen as a mean to preserve the cellular proper-
ties during tip scanning.26 Results indicated that control cells
have Young’s modulus ranging from 100 to 400 kPa with higher
values being recorded at the cell periphery (4600 kPa) pre-
sumably due to the underlying plastic substrate. The nuclear
region appeared softer when compared to the cellular body,
showing Young’s modulus values between 20–200 (Fig. 4a). The
elastic modulus for both control and nanotubes exposed cells
was about one magnitude higher than those of the live cells83,84
presumably due to the experimental conditions being used
(i.e., glutaraldehyde fixation84 and/or AFM indentation approach
performed at low speed).85
The average Young’s modulus of unexposed cells and cells
exposed to MWCNTs for different onsets are shown in Fig. 4b
(whole cell) and Fig. 4c (cell nucleus) respectively. Analysis showed
that 1 and 3 h exposures did not result in significant changes in
the elastic moduli of the whole cells being studied however, 3 h
exposure lead to significant changes in the Young’s modulus of
the nuclear regions of the exposed cells relative to their control
counterparts. For longer exposure (46 h), the elastic moduli of
exposed cells (both whole cells and cells nuclei) showed a
significant increase relative to their controls at the corresponding
time points (p*o 0.05), presumably because of the larger cellular
accumulation of the uptaken nanotubes.32 Specially, after 6 h,
exposed cells showed an increase of about 39% and 49% of their
whole and nuclear Young’s modulus respectively relative to their
counterparts, i.e., unexposed cells. At 12 h, exposed cells also
showed an increase in their overall Young’s modulus of about
22% and an increase of 28% in their nuclei Young’s moduli
both relative to their control counterparts. Such increases in
Young moduli were significant and presumably due to the
interactions of uptaken MWCNTs with cytoskeleton filaments
like actin86 or microtubules,35 or the DNA.72
The current study contributes to advancing understanding of
both biochemical and biomechanical cellular transformations
upon cellular exposure to MWCNTs with our analysis showing
that early-induced cellular responses could be considered/have
the potential to become adverse. In particular, our results empha-
size the importance of studying the MWCNT-induced cell trans-
formations at early onsets to understand the fundamental
interactions of the uptaken MWCNTs with the cellular compo-
nents, their cellular translocation and overall influence on the
cellular fate. With the known affinity of the internalized MWCNTs
for cytoskeletal elements,28,35,87 and cellular biomechanics ability
to regulate homeostasis, cell proliferation, motility, and differen-
tiation,88–90 subtle changes in the cellular mechanical properties
can be correlated with phenotypical transformation and cancer
initiation.91 While to our knowledge no previous studies have
reported biomechanical cellular changes induced by exposure to
MWCNTs at early onsets, our study is supported by a previous one
showing that 24 h of exposure to MWCNTs induce changes in
cellular biomechanics with nanotubes localization at the cell
nucleus resulting in potential cell transformation to a malignant
phenotype.26 The differential, time-dependent mechanical changes
Fig. 4 (a) Histogram of the elastic modulus distribution of a representa-
tive control cell body and its nuclear region; (b) average elastic modulus of
control cells and cells treated with MWCNTs (24 mg cm!2) at different time
points (whole cell body); (c) average elastic modulus of nuclear regions of
control cells and cells exposed to MWCNTs at different time points. Results
are considered significant for p* o 0.05.
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observed upon early onsets cellular exposure could thus help
prevent MWCNT-induced deleterious effects by reducing the
risks for cell transformation.28,34,36
Further, our studies stress that in order to circumvent dele-
terious effects associated with nanomaterials exposure and to
advance MWCNTs implementation in biomedical applications,
one not only has to tightly control the exposure time but further
to evaluate cellular changes and cellular ability to regain its
homeostasis and how such processes are related to the differ-
ential time-dependent exposure to nanotubes. In particular, it is
expected that assessment of early onsets of exposure derived
from such studies would lead to more protective measurements
than those based on direct adverse effects. For instance, such an
assessment could provide a secondary level of prevention when
exposure to MWCNTs is being considered;92 by helping identify
and distinguish early on the possible reactivities of the nano-
materials, methods to minimize their induced risks early in their
design or manufacturing and down-stream user processes could
be established.
Conclusions
The present study showed that exposure of human lung epithelial
cells to occupationally relevant doses of user-characterizedMWCNTs
leads to their time-differential uptake, induced ROS generation
and biomechanical cellular changes. In particular, our study
showed that most of the MWCNTs uptake occurred within 6 h
of cellular exposure. Furthermore, our results showed that 3 h
exposure leads to changes in the cell elastic properties with
further changes in the overall biomechanical properties being
gradual and dependent on the exposure time. Assessment of the
biomechanical properties of the exposed cells and their changes
in elasticity suggest the ability to determine the underlying basis
for MWCNT-induced cell transformation and toxicity using
in vitro model cellular systems.
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